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Abstract
This thesis studies receiver/reactor geometry for the ammonia thermochemical stor-
age system and dish concentrators, using the case study of a masked 9m2 dish.
Experimental results proved that altering the geometric arrangement – in this case
the cone angle – of reactor tubes within a cavity receiver significantly affects the
heat transfers within and heat losses from the receiver. By consequence both the re-
ceiver efficiency and the solar-to-chemical efficiency of the dish-receiver system can
be significantly increased. This is note-worthy as improvements in efficiency due
to reactor tube cone angle do not increase the cost of manufacture of the receiver.
Moreover, any increase in receiver efficiency allows an equivalent decrease in mirror
area, and in a commercial plant, the solar collector field (mirror area) can account
for around 40% of total project costs.
Gains of up to 7.0% absolute in receiver efficiency and 6.4% absolute in solar-to-
chemical efficiency were demonstrated experimentally in this thesis at a given solar
altitude. Experimental data was examined for three receiver configurations with
reactor tube half cone angles of 17.5º, 7.5º and 3.7º, with the 3.7º configuration
producing the highest receiver efficiencies, the 7.5º receiver a close second, and the
17.5º configuration producing the lowest efficiencies. Solar-to-chemical efficiencies
were however slightly higher for the 7.5º configuration than the 3.7º, indicating that
system-level operation, especially operation of the heat exchanger, was slightly more
optimal for the 7.5º case. Preliminary results integrating the receiver losses over the
course of a year indicate that the 3.7º receiver geometry would reduce annual receiver
losses by 25% compared to the 17.5º receiver geometry.
The experimental data comprised 178 hours of “on sun” operation of the 9m2 dish
concentrator by the author, providing 311 steady state intervals of 10-15 minutes.
The experimental results were compared with simulations using an existing com-
putational receiver/reactor model, but gross disagreement was observed. Simulated
reaction extents were 2-4 times those achieved experimentally. Therefore a new en-
ergy balance was developed for each of the three receiver geometries. This included
3D modelling of radiation losses, along with calculation of convection and conduc-
vii
tion losses, and used the knowledge gained experimentally of reactor tube and cavity
wall temperature profiles. These new energy balances were verified against a sub-
stantial body of experimental data – out of 86 steady-state data points at optimal
flow, calculated receiver losses fell within the experimental uncertainties for all but
seven points. The energy balances allowed curves of predicted receiver losses to be
generated for each of the three receiver geometries over a wider range of tempera-
tures and solar altitudes. These curves suggest that the 3.7º half cone receiver would
still have the lowest receiver losses under all operating conditions, closely followed by
the 7.5º half cone receiver. At mid and low solar altitudes, natural convection losses
dominated over conduction and radiation losses for all three receiver geometries.
Finally, conclusions on favourable flux and temperature profiles for the reactor tubes
studied in this project were drawn. A flux of at least 2W/cm2 within 100mm
of the reactor tube inlet resulted in higher conversion efficiencies, due to higher
temperatures and reaction rates immediately at the tube inlet.
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Original Contributions
This project has contributed the following original contributions to the study of
solar receivers:
1. Empirical evidence that altering the geometric arrangement – in
this case the cone angle – of reactor tubes within a cavity receiver
significantly affects the heat transfers within and heat losses from
the receiver, and by consequence both the receiver efficiency and the
solar-to-chemical efficiency. This finding was based on 311 steady state
data intervals collected by the author. Gains of up to 7.0% absolute in receiver
efficiency and 6.4% absolute in solar-to-chemical efficiency were demonstrated
at a given solar altitude in the experiments presented in this thesis (Chapter
3). When integrated over the course of a year, preliminary results indicate
that the 3.7º receiver geometry would reduce annual receiver losses by 25%
compared to the 17.5º receiver geometry (Section 5.7).
2. Analysis of empirical temperature distributions within the receiver/re-
actor for three receiver geometries, and for each solar altitude of
operation (Section 3.5). This included both analysis of the temperature
profile along an “average” reactor tube and also the radial variation of tem-
perature around the cavity. For example, when the receiver cavity is in a near
horizontal position with the aperture at one side, a tube at the top of the
cavity will be hotter than a tube at the bottom. The analysis of reactor tube
temperature profiles is of particular significance as they capture the combined
effects of both heat transfer and the chemical reaction (which is endothermic
and hence absorbs heat).
3. Development of a heat loss methodology for each of the three re-
ceiver geometries (Chapter 5), which was verified with energy bal-
ances for a substantial body of experimental data (Section 5.5). Of
note was the incorporation of 3D radiation loss modelling using the open source
View3D software and script F view factors, which allowed the modelling of
distinct reactor tubes and cavity walls (Section 5.2.2).
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4. The production of predicted heat loss curves for each of the three
receivers for a wide range of temperature profiles – wider than those
examined experimentally – with the temperature profiles held con-
stant as the solar altitude varied (Section 5.6). These predicted heat
loss curves showcase the methodology developed for calculating heat losses
(as discussed in item 3 above) in combination with the knowledge of typical
temperature distributions for each receiver geometry (as detailed in item 2).
Further, the predicted heat loss curves allowed a preliminary comparison of
annual receiver losses to be made for each of the three receiver geometries
(Section 5.7).
5. Insights into the features of concentrated solar flux profiles on the
reactor tubes that result in higher conversion efficiencies. It was
found that for the reactor tubes and receivers studied in this project, receiver
geometries that shift a concentrated solar flux of at least 2W/cm2 to within
100mm of the reactor tube inlet result in higher conversion efficiencies. This
is because they result in higher temperatures at the tube inlet and a faster
reaction rate is achieved for a greater length of the reactor tube.
6. Improvement and operation of the solar ammonia laboratory. Over
the course of this project the author performed 178 hours of “on sun” operation
of the masked dish concentrator.
7. The publication of several papers. See the following section for details.
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Foreword on Receiver Geometry
Since the work for this thesis was completed, investigations have continued into the
effect of receiver geometry on receiver efficiency at the Australian National Univer-
sity. The scope of work has broadened to include steam receivers, and computational
methods for optimising receiver geometry. Notable publications on this topic include
Asselineau et al. (2015a) and Asselineau et al. (2015b).
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1. Introduction
1.1. Project Aims
This thesis discusses the ammonia-based thermochemical storage system which has
been developed for use with Concentrating Solar Power (CSP) systems. The idea
behind this project was to improve ammonia receiver performance on a 9m2 dish
concentrator, with a view to developing receivers suitable for the 489m2 SG4 Big
Dish concentrator. These investigations involved cavity receivers containing directly
irradiated catalyst-filled tubes. Receiver development is key to the overall efficiency
of a concentrating solar system, as this is where the concentrated solar radiation is
converted into the enthalpy of a working fluid. The principle aims of this project
were:
• To determine if changing the geometry of reactor tubes within a cavity receiver
can improve the efficiency of solar energy conversion, and if so, to determine
which receiver geometries produce the lowest receiver losses and highest effi-
ciencies, using ammonia receiver/reactors on the 9m2 masked dish.
• To project from the above results which receiver geometries might therefore
produce the lowest receiver losses and highest efficiencies for ammonia re-
ceiver/reactors on the 489m2 SG4 Big Dish concentrator.
• To model the energy balance for ammonia receiver/reactors on the 9m2 masked
dish, and determine if there were any dominant receiver loss mechanisms that
should be addressed when designing receiver geometries for the 489m2 SG4
Big Dish concentrator.
This introductory chapter gives a background on energy storage for CSP systems,
and particularly addresses previous investigations conducted with the ammonia stor-
age system, including investigations on ammonia receiver-reactors.
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1.2. Energy Storage for Concentrating Solar Power
As described in the following sections, CSP systems can provide energy storage
fully integrated within the generating plant. This is already a commercial reality
at several CSP plants using molten salt in Spain (Relloso and Delgado 2009, Lata
et al. 2010, Dunn et al. 2012a). Parabolic mirrors in the form of troughs, linear
Fresnel, power towers or dishes are used to concentrate solar radiation to a hot focus.
The concentration ratio can be up to 100 for parabolic troughs and linear Fresnel
systems, or in excess of 1,000 for power towers (central receivers) and dishes – the
geometric concentration ratio being the ratio of the area of the receiver aperture to
the area of mirror aperture. The heat collected at the focus can be used to produce
steam for immediate electricity generation, or alternatively it can be stored prior to
electricity generation using molten salt, sensible heat storage in solids (Siegel et al.
2010, Zunft et al. 2009, Laing et al. 2006), phase change salts (Laing et al., 2011),
or thermochemical storage cycles (Gil et al., 2010).
The thermal approach to energy storage using CSP systems has several potential
advantages:
• Because the storage occurs before the conversion of heat to electricity at the
turbine/generator set, the difference in overall solar to electric conversion ef-
ficiency between a system with storage and one without can be close to zero.
For example, in commercial molten salt storage systems, the storage system
can have an effective efficiency of 99% (Pacheco et al., 2002).
• The actual energy storing components can be simple and cost effective – as is
the case for molten salt storage.
• Full integration into the system means that some components may actually
be reduced in size and cost, for example, a system configured for extend-
ed/baseload generation would use a smaller and cheaper power block.
Current trends suggest that wind and photovoltaics are leading CSP in lowering
generating costs without energy storage. However the challenging economics of
post-generation electricity storage on a large scale, could see dispatchable power1
provided preferentially by CSP plants with storage.
1Dispatchable power means power that can be produced on demand – easily turned on or off at
the request of the grid operator.
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1.2.1. Thermochemical storage
Thermochemical energy storage for CSP is less mature than molten salt and other
thermal storage methods, but it has the potential to achieve higher storage densities.
Rather than storing heat by increasing the temperature of a substance or changing
its physical state, as with other CSP storage methods, thermochemical storage uses
a reversible reaction to store energy in chemical bonds. One such reversible reaction
is the dissociation of ammonia.
1.3. The Ammonia Storage System
The ammonia thermochemical energy storage system is based on the reversible dis-
sociation of ammonia. Equation 1.1 essentially states that ammonia (NH3) with the
addition of enthalpy (4H, provided in the form of heat) is dissociated into nitrogen
(N2) and hydrogen (H2) gases, and that the reaction is sped up by the presence of
a catalyst.
2NH3 + ∆H
catalyst

 N2 + 3H2 (1.1)
In this storage system, a fixed inventory of ammonia passes alternately between
energy-storing (solar dissociation) and energy-releasing (synthesis) reactors, both of
which contain a catalyst bed. Coupled with a Rankine power cycle, the energy-
releasing reaction could be used to produce dispatchable power for the grid. At
20MPa and 300K, the enthalpy of reaction is 66.8 kJ/mol, equivalent to 3.92 kJ per
gram of ammonia, 1.09 kWh/kg, or 2.43MJ/L.2 Figure 1.1 shows the enthalpy of
the reversible reaction at various temperatures and pressures.
The basic layout of the system is shown in Figure 1.2. A mirrored, two-axis track-
ing, paraboloidal dish focuses solar radiation into a cavity receiver/reactor through
which anhydrous ammonia is pumped. The reactor tubes contain a catalyst which
facilitates the dissociation at high temperature of the ammonia into gaseous nitro-
gen and hydrogen. The gases can then be passed through a standard Haber-Bosch
ammonia synthesis reactor at any time, to release heat for the generation of power
and replenish the stock of liquid ammonia.
2Using the corresponding density of ammonia of 0.6195 kg/L (Zander and Thomas, 1979)
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Figure 1.1: Enthalpy of reaction for the reversible decomposition and synthesis of ammonia.
(Image from Paitoonsurikarn.)
Figure 1.2: Ammonia dissociation and storage schematic.
The counterflow heat exchangers shown in Figure 1.2, serve to transfer heat from
exiting reaction products to the cold incoming reactants. In this way, the transport
piping and energy storage volume are all operated at close to ambient temperature,
reducing thermal losses from the system. Both the forward and reverse reaction
rates are negligible without the presence of a catalyst. Therefore there is no issue
with the reverse reaction occurring neither in the heat exchangers, nor in the energy
storage vessel.
One advantage of this storage system is that the ammonia dissociation reaction has
no possible side reactions, making solar reactors relatively easy to control. Another
advantage is that by operating above the ambient temperature saturation pressure
of ammonia, the ammonia fraction in storage is present largely as a liquid. Thus
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Figure 1.3: Equilibrium curves for ammonia. (Data: O. Williams.)
automatic phase separation of ammonia and hydrogen/nitrogen is provided and a
common storage volume can be used. In addition, there is over 100 years of industrial
experience with the ‘Haber-Bosch’ process to call upon.
The use of a reversible reaction to store energy is governed by the dependency of
the thermodynamic equilibrium composition on temperature and pressure. This is
shown in Figure 1.3 for the ammonia reaction. As dissociation takes place, the
inventory of working fluid changes composition from 100% ammonia (molar fraction
of 0.0 on the left-hand axis and 1.0 on the right-hand axis) to 100% N2 and H2 gas
(molar fraction of 1.0 on the left-hand axis and 0.0 on the right-hand axis).
Conceptually3, if a sample of ammonia were heated slowly (quasi-statically), it would
begin to decompose at temperatures of several hundred degrees, with most decom-
position taking place where the gradient of the curves is steepest – around 700 K
at 200 atmospheres (~20 MPa) in Figure 1.3. Complete dissociation would only
be approached asymptotically at very high temperatures. The amount of energy
absorbed at each step would be proportional to the fraction of ammonia split. Re-
versing the process and withdrawing heat would see ammonia re-synthesize, with
heat released progressively.
To implement this on an industrial scale, the limitations of reaction kinetics must
also be taken into account. Reaction rates are zero at equilibrium by definition, they
increase by the degree of departure from equilibrium (and in the direction needed
to return the system to equilibrium) and also increase rapidly with temperature in
proportion to the well-known Arrhenius factor. Thus a real system absorbs heat
3The remaining 5 paragraphs in this section are reproduced verbatim from Dunn et al. (2012b).
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at temperatures higher than the equilibrium curves suggest and then releases it at
lower temperatures.
The input temperature for the power cycle is an extremely important issue for all
thermal based energy storage systems, not just thermochemical ones. Electric power
generation via a thermal cycle is limited by the second law of thermodynamics –
lower temperature thermal inputs reduce the efficiency of power generation. Thus in
designing and examining thermal energy storage systems, it is necessary to consider
both “thermal efficiencies” (energy out / energy in) and “second law efficiencies”
(potential for work out / potential for work in).
In principle, any of the approaches to solar concentrator design: troughs, dishes,
linear Fresnel or tower / heliostat systems, could be used to drive the dissociation
reaction. Troughs and linear Fresnel concentrators are limited to lower operating
temperatures because of their lower concentration ratios, but can still operate with
reasonable efficiencies up to around 400 ºC (673.15 K).4 Based on the equilibrium
curves, it can be seen that this would be sufficient to achieve a significant level
of ammonia dissociation. Tower or dish systems on the other hand can operate
efficiently up to 1,000 ºC or more and have the potential to drive the reaction to
almost complete dissociation and with associated accelerated reaction rates.
Because of the effect of automatic phase separation in the common storage volume,
the composition of gases sent to the heat recovery reactor for power production is
independent of the degree of dissociation achieved in the solar reactors during energy
storage. Thus the temperature of heat recovery achieved is also independent of the
nature of the dissociation process. Such a system would allow decoupling of the tem-
peratures at the solar dissociator and the heat recovery reactor. For example, even
if the solar dissociator on a trough was operating at 400 ºC, because the unreacted
ammonia and the hydrogen and nitrogen product gases separate spontaneously in
storage, it would still be possible to produce steam at 520 ºC and 10 MPa from the
heat released by the synthesis reactor. The system can act as a chemical heat pump
in this way. Second law analysis shows that the cost of any heat pumping benefit is
seen in reduced effectiveness of the heat exchangers.
4Commerical trough systems operate up to 393ºC – this specific limit is to prevent decomposition
of the heat transfer oil such as Therminol.
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1.4. Previous work on the Ammonia Storage System
1.4.1. History of Ammonia Thermochemical Storage
The concept of ammonia-based energy storage for concentrating solar power systems
was first proposed by Carden in 1974 at the Australian National University (ANU)
(Carden 1974, Carden 1977). At first, a body of thermodynamic data was estab-
lished, and this was used for an initial assessment of theoretical limits on thermal
efficiency and work production (Carden and Williams 1978, Williams and Carden
1979a). It was identified that the reaction equilibrium itself as illustrated in Fig-
ure 1.3, corresponded to a round-trip conversion efficiency limit of 54% at 30 MPa
(~300 atmospheres). Approaches to remove heat and maintain realistic reaction
rates would mean a smaller number would be achieved in reality.
Investigations into the ammonia storage system were also carried out in the late
1970s and early 1980s by a group of researchers at the Colorado State University.
These included engineering design studies, solar receiver design studies (Wright and
Lenz, 1980), and investigations into nickel-on-alumina catalysts (Nandy and Lenz,
1984).
The ammonia synthesis heat recovery process can employ industry-standard hard-
ware for heat and power recovery, producing superheated steam for electricity gener-
ation with a turbine-generator set. However, from a thermodynamic point of view,
steam production does not represent an optimum match for the temperature profile
produced by the exothermic ammonia synthesis. An alternative concept for elec-
tricity generation was proposed by Carden. Termed “direct work output”, in this
concept, rather than using the heat from the synthesis reactor to generate steam,
the hot thermochemical product of the synthesis reactor (gaseous ammonia) would
be fed directly through a turbine (Carden, 1987). To be realized, this concept would
of course involve the development of such a customized turbine.
Further work recovery and exergetic efficiency analyses were conducted (Lovegrove,
1993b,a) with the aid of a two dimensional ‘pseudo-homogenous’ packed bed reactor
computational model (Lovegrove, 1996). An updated exergetic system analysis was
completed by Lovegrove et al. (Lovegrove et al., 1999c). This analysis concluded
that exergetic efficiencies up to 71% would be possible in the heat recovery reactor,
which would translate to overall solar to electric conversion efficiencies of around
20%.
Experiments at the ANU were initially conducted with a 1 kWchem electrically heated
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dissociation reactor (Williams and Carden, 1979b), which allowed testing of the
aforementioned numerical model for packed bed reactor performance (Lovegrove,
1996). Calibration tests were first conducted to determine the appropriate activation
energy and pre-exponential factor for the ICI 47-1 nickel catalyst used (see Table 1.1
for catalyst details). After calibration, the numerical model successfully predicted:
longitudinal temperature profiles (along the length of the reactor tubes) for both
the centre of the catalyst bed and the wall of the reactor; the effect of operating
temperature on exit reaction extent; and the effect of mass flow rate on exit reaction
extent. All of these effects were predicted to within or just outside the bounds of
the error bars for the experimental results. The variation of exit reaction extent
with pressure was also predicted – though these predictions slightly over-estimated
the bounds of the experimental error bars.
1.4.2. Ammonia Solar Receiver/Reactors
Solar receiver designs for ammonia dissociation were initially evaluated theoretically,
both by the ANU (Williams 1980b, Williams 1980a, Lovegrove and Luzzi 1996) and
Colorado State University (Wright and Lenz, 1980).
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The ammonia based system has been considered particularly well suited to dish
concentrators because:
• Dishes provide a circumferentially homogenous solar flux profile which can
facilitate thermochemical reactor design.
• The reaction system is simple and has no complicating side reactions. This
means that only simple control systems are necessary – thus the mobile receiver
can be maintained at a light weight, and solar transients are easy to handle.
Development of solar ammonia dissociation has to-date been carried out on a single
20m2 paraboloidal dish located at the Australian National University (ANU) cam-
pus, as shown in Figure 1.4. It has been suggested that a large-scale storage system
could consist of an array of hundreds of much larger “Big Dishes”, also pioneered at
the ANU - as discussed in Section 1.5.
A prototype solar ammonia receiver/reactor, Mark I, was first tested in 1994. This
consisted of a single tube-in-tube reactor of 200mm length machined from a two-
inch bar of Inconel alloy 601 (Luzzi and Lovegrove 1997, Lovegrove et al. 1999a).
This receiver was mounted in front of a water-cooled shield (which protected instru-
mentation and cabling) in the focal region of the 20m2 faceted paraboloidal dish.
Haldor-Topsøe DNK-2R iron-cobalt catalyst (Table 1.1) was used in the annular
catalyst bed, with temperatures ranging from 400 – 700 ºC. In 1998, the Mark I
reactor was replaced by the Mark II solar reactor (Figure 1.5), with identical ex-
ternal geometry, but a thinner annular catalyst bed to increase forced convection
heat transfer from the reactor wall to bed (Lovegrove et al., 1999b). Both of these
reactors were significantly undersized for the full 20m2 of dish aperture, as they
were only rated for 1.0 – 2.2 kWchem conversion. However, they served to prove the
concept of solar ammonia dissociation.
Several alternative solar ammonia reactor designs were proposed for use within cav-
ity receivers (Lovegrove and Luzzi, 1996) – as opposed to the external receiver de-
signs of the Mark I and II reactors. Alternatives included a sodium reflux heat pipe
design, a direct absorption design based on a volumetric receiver pressure vessel, and
a cavity of directly irradiated catalyst-filled tubes. The latter concept – a cavity of
directly irradiated catalyst-filled tubes – was adopted for the design of the 15 kWsol
receiver/reactor, as it was a simpler design to implement than either the sodium
reflux design or the volumetric reactor with its pressurized window. The sizing
of the 15 kWsol receiver/reactor was chosen to better utilize the full 20m2 of dish
aperture. This receiver was constructed in mid-1999 (Lovegrove et al., 1999b) and
9
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Figure 1.4: The 20m2 dish concentrator with the 15 kWchem ammonia receiver – here the
receiver casing is in place.
(a) (b)
Figure 1.5: (a) The 20m2 dish concentrator with the Mark II prototype receiver – here
the receiver is external to the casing. (b) A cross-section of the Mark II prototype
receiver following decommissioning. The hollow section was filled with catalyst during
operation.
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consisted of 20 Inconel-601 reactor tubes, each 500mm long, arranged in a frustum
(truncated cone, Figure 1.6) inside an insulated cavity receiver (Figure 1.4). Again
the DNK-2R iron cobalt catalyst was used in these reactor tubes. The tubes are
operated in parallel flow via manifolds. Each of the 20 reactor tubes (Figure 1.7)
consists of a tube-in-tube, with the catalyst bed in the outer annulus, and a hollow
inner tube to allow heat transfer from the exiting product gases to the incoming
reactants, in addition to the external solar flux. The 15 kWsol receiver/reactor has
remained intact since its installation, and was used in this project. Prior to this
project, steady-state on-sun experiments were carried out with peak reactor tube
temperatures ranging from ~590 °C to 750 °C, and system pressures between 10 and
15MPa (Lovegrove et al., 2004).
Investigations into the use of ammonia storage with trough concentrators have also
been conducted, both with computational models and with a 2.8m2 trough concen-
trator shown in Figure 1.8 (Lovegrove et al. 2004, Becker et al. 2002, Dunn et al.
2007). A ruthenium-on-carbon catalyst (Table 1.1) was adopted in these experi-
ments in lieu of the iron-based catalyst, to allow dissociation at lower temperatures
achieved with the trough – 400ºC and below. The DNK-2R iron catalyst used with
the dish concentrator only shows significant activity at 500ºC and above, and hence
was not suitable for use with the trough concentrator. Ultimately, an economic
assessment would have to be made on the use of rare metal catalysts such as ruthe-
nium. A summary of the catalysts used in the various experimental reactors at ANU
is given in Table 1.1. The kinetic mechanisms for the synthesis and decomposition
of ammonia has been described by various authors for iron-based catalysts (Temkin
and Pyzhev 1940, Nielsen et al. 1964, Fastrup 1997b), and for ruthenium-based
catalysts (Bradford et al. 1997, Fastrup 1997a, Hinrichsen 1999).
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Aside from the ammonia solar receiver/reactor prototypes described here, several
thermochemical receiver/reactors have been trialled for other thermochemical reac-
tions, including for the production of solar fuels. These include receiver/reactors
for the decomposition of zinc oxide and calcium carbonate (Palumbo et al., 2004),
methane reforming (Muir et al. 1994, McNaughton et al. 2010, Rodat et al. 2010),
and hydrogen production (Melchior et al., 2008). Dynamics and control of solar
thermochemical reactors has also been investigated (Petrasch et al. 2009, Petrasch
and Steinfeld 2007). In addition, a conical tube arrangement similar to the ammonia
reciever/reactors investigated here has been modelled computationally and tested
experimentally by Amsbeck and colleagues for a solar Brayton cycle receiver (Ams-
beck et al. 2008, 2010), though this receiver does not involve a chemical reaction,
just heat transfer.
These solar receiver/reactor investigations provide certain learnings that could be
applied to ammonia receiver/reactors, and in turn, aspects of the ammonia re-
ceiver/reactor investigations could be applied more broadly to the aforementionned
receivers.
Half cone 
angle
Front shield
Reactor 
tubes
Manifold
Figure 1.6: Prototype 15 kWsol solar dissociation reactor construction with casing and
insulation removed.
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(a) A photo of an individual reactor tube, identical to those connected to the manifold in Figure
1.6.

(b) A cross-section of a reactor tube showing the catalyst bed in the outer annulus and the hollow
inner tube. (Image from Paitoonsurikarn.)
Figure 1.7: Reactor tube construction.
Reactor
(a) (b) (c)
Figure 1.8: (a) The 2.8m2 trough concentrator operated at the ANU. (b) A close-up of
the cavity receiver showing the ammonia dissociation reactor for the trough. (c) The
trough tracking the sun.
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1.4.3. Closed Loop Tests
In a closed-loop thermochemical storage system, the synthesis heat recovery reactor
performs the reverse reaction to that occurring in the solar reactor. This reverse
reaction releases heat, which is used to drive the power cycle – as illustrated in the
right-hand side of Figure 1.2. The ammonia synthesis stage can employ off-the-shelf
hardware for heat and power recovery already used in the ammonia industry (Appl
1999, Kreetz et al. 2001), with some converter designs able to produce superheated
steam at up to 520°C and 10MPa. Nonetheless, three synthesis heat recovery reac-
tors – two 1 kWchem reactors and one 10 kWchem reactor – were constructed at the
ANU for the purpose of performing closed-loop storage demonstrations, and also to
calibrate a two-dimensional computational reactor model for synthesis (Kreetz and
Lovegrove, 1999). These reactors are described in Table 1.1. Results obtained with
the computational model were used to investigate the effect of operating parameters
on the thermal output from the heat recovery system (Kreetz et al., 2001).
A closed-loop demonstration involves both solar dissociation and subsequent syn-
thesis heat recovery. In September 1998, the first closed-loop solar ammonia storage
was demonstrated with the 2.2 kWchem Mark II solar receiver/reactor, the 20m2
dish concentrator and a 1 kWchem heavy-walled synthesis reactor (Lovegrove et al.,
1999b). Further closed-loop storage experiments were conducted with this exper-
imental set-up, including a 5 hour experimental run in January 1999. Following
the installation of the 15 kWsol receiver, 10 kWchem synthesis reactor and various im-
provements to the closed-loop experimental system, the first continuous 24 hour run
of solar ammonia storage and heat recovery was performed in May 2002.
Since the work for this thesis was completed, a team from the University of Califor-
nia, Los Angeles, in collaboration with Dr Keith Lovegrove, have completed further
studies on heat recovery synthesis reactors for ammonia-based storage. Their work
has included the design and testing of a lab-scale synthesis reactor which produces
supercritical steam output at 650ºC and 26MPa (Chen et al., 2015a,b).
1.4.4. System Studies
One of the key motivating factors for the study of the ammonia storage system
is the substantial chemical industry engagement with ammonia production via the
Haber-Bosch process. There are a range of companies offering synthesis reactors
commercially, with typical capacities between 300 and 2,000 t/day. High pressures
14
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Reactor
type
Reactor Description
Catalyst
(compositions in wt%)
Supplier
Temp
range
(ºC)
Dissociation
1 kWchem electrically
heated dissociation reactor
(Williams and Carden,
1979b).
47-1 nickel catalyst.
10% Ni, remainder Al2O3
support material.
ICI 400-750
Dissociation
2 kWchem Mark I solar
dissociation reactor for
20m2 dish (Luzzi and
Lovegrove 1997, Lovegrove
et al. 1999a).
DNK-2R triply-promoted
iron-cobalt catalyst.
22-26% Co, 22-26% Fe,
1-2% promoter, remainder
Al2O3.
Haldor-
Topsøe
400-700
Dissociation
2 kWchem Mark II solar
dissociation reactor for
20m2 dish (Lovegrove
et al. 1999b, Fig. 1.5).
DNK-2R triply-promoted
iron-cobalt catalyst.
22-26% Co, 22-26% Fe,
1-2% promoter, remainder
Al2O3.
Haldor-
Topsøe
400-700
Dissociation
15 kWsol solar cavity
dissociation receiver for
20m2 dish with directly
irradiated reactor tubes
(Lovegrove et al. 1999b,
Lovegrove et al. 2004, Fig.
1.6).
DNK-2R triply-promoted
iron-cobalt catalyst.
22-26% Co, 22-26% Fe,
1-2% promoter, remainder
Al2O3.
Haldor-
Topsøe
400-700
Dissociation
Solar reactor for 2.8 m2
trough (Dunn et al. 2007,
Fig. 1.8).
Carbon-supported
ruthenium catalyst.
60-99% C, 15-40% alkali
carbonate, 7-13%
ruthenium oxide, 1-5%
barium oxide.
Unknown 300-450
Synthesis
Thin-walled 1 kWchem
synthesis reactor.
KM-1 promoted iron
catalyst.
94% Fe3O4.
Haldor-
Topsøe
360-550
Synthesis
Heavy-walled 1 kWchem
synthesis reactor (Kreetz
and Lovegrove, 1999).
KM-1 promoted iron
catalyst.
94% Fe3O4.
Haldor-
Topsøe
360-550
Synthesis
10 kWchem synthesis
reactor (Lovegrove et al.,
2004).
S6-10R promoted iron
catalyst.
Al2O3, K2O, and CaO
promoters, remainder
Fe3O4.
ICI /
Synetix
350-550
Table 1.1: A summary of catalysts and experimental reactors operated at the ANU.
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are employed, which referring back to Figure 1.3, dictate that synthesis occurs at
higher temperatures and this results in higher reaction rates. Typically a synthesis
reactor consists of a large pressure vessel that contains a series of separate catalyst
“beds”. Each bed operates as an “adiabatic” reactor with insulated walls. In each
bed – or reaction stage – heat is produced by the synthesis reaction. To lower the
inlet temperature for the next bed, the reactants can be cooled between each bed,
or more low temperature reactants can be added (Kreetz et al., 2001). As already
noted, some such reactors are designed to produce steam at up to 520ºC and 10MPa,
and steam turbines are often incorporated into ammonia plants. The existence of
these proven commercial reactor systems facilitates system studies of solar thermal
power stations using the technology.
Two hypothetical ammonia baseload plants were examined in detail: a 4MWe plant
(Luzzi and Lovegrove, 1997), and a 10MWe plant (Luzzi et al., 1999), each with an
array of dish solar concentrators connected to a central power block. The 10MWe
plant study concluded that a baseload plant of this scale located at Alice Springs
in central Australia, with an 80% capacity factor, could be operated with 400
large 400m2 dishes – each converting 308 kWth at design point – and a standard
1,500 t/day ammonia synthesis reactor. The dishes used in this study were 400m2
dishes, previously developed at the ANU (Kaneff 1999, Johnston 1995a, Biryukov
2004). Substitution with new 489m2 dishes would reduce the number of dishes
required to less than 330.
For storage of the N2 and H2 product gases at 10-30 MPa (~100-300 atmospheres),
162 km of DN-300 pipe (323.9 mm OD, 12.7 mm wall thickness) was specified in the
10MWe plant study. The storage volume addressed in this way becomes the second
most significant contributor to overall system cost – after the solar collector field
– and as a consequence, questions remain about the potential economic viability.
The high cost of conventional pressure vessels and the volume of gas storage needed,
motivated an early investigation of underground storage of gases (Carden and Pa-
terson, 1979). Such storage however would be limited to sites at which co-location
of solar resource, suitable underground caverns and grid connections all exist.
Levelized electricity costs were predicted for the 10MWe plant, however we now
find ourselves in a new context in which to evaluate the economic viability of an
ammonia storage system. Molten salt storage for concentrating solar power plants
is now commercial, and more information on CSP plant costs is available due to
significant industry activity in Spain since 2007, and also in the US. In reality, a
new cost estimate for the technology would be best if it were based on a sizeable
16
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functioning pilot plant.
1.5. Applying the Ammonia Storage System to the
489m2 SG4 Big Dish
The first Big Dish solar concentrator, with mirror aperture area of 400m2, was com-
missioned in 1994 at the ANU (Johnston, 1995a), and was followed in 1998 by a dish
of the same size in Israel (Biryukov, 2004). More recently, the dish was redesigned
for reduced-cost mass construction; the first prototype of the new design, which has
aperture area of 489m2 was completed at the ANU in 2009 (Figure 1.9). To date
the 489m2 dish has been used for high temperature steam receiver development.
However, the idea for this project was to improve ammonia receiver performance
on a small dish concentrator, with a view to developing receivers suitable for the
489m2 SG4 Big Dish concentrator. The 20m2 dish concentrator at the ANU was
already equipped with the 15 kWsol ammonia receiver/reactor and hence this dish
was used for the experiments in this project.
Aside from scaling issues, there is a marked difference in rim angles between the
20m2 dish concentrator and the 489m2 SG4 Big Dish concentrator – being 70º and
50º respectively5, as illustrated in Figure 1.10. A series of simulations and exper-
iments were thus performed in which the outer rim of the 20m2 dish was masked
with opaque film to mimic a 50º rim angle, as shown in Figure 1.11. The masked
dish then had a reflective aperture area of 9m2. The aim of these simulations and
experiments was to determine whether the solar-to-chemical conversion efficiencies
could be improved by rearranging the geometry of the reactor tubes within the re-
ceiver, and if so, which receiver designs yield the highest efficiencies. These results
would then suggest that analagous results could be possible for the 489m2 SG4 Big
Dish concentrator, and warrant similar investigations for the Big Dish.
The results are not directly transferable to the 489m2 SG4 Big Dish due to the very
different concentration ratios which also influence receiver behaviour, however they
serve as a starting point. The geometric concentration ratio for the 489m2 dish is
2,240 for 95% capture (Lovegrove et al., 2011), compared to 300 for the 9m2 masked
dish. Further, the peak concentration for the 489m2 dish is 14,000 suns, compared
to approximately 630 for the 9m2dish.
550º was selected as the rim angle for the 489m2 SG4 Big Dish concentrator to best serve a cavity
receiver.
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Figure 1.9: The 489m2 SG4 Big Dish on sun (test run with steam vented to atmosphere).
(a) (b)
Figure 1.10: The 20m2 dish and the 489 m2 SG4 Big Dish.
(a) Rim angle for the 20m2 dish = 70º.
(b) Rim angle for the 489 m2 SG4 dish = 50º.
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(a) (b)
Figure 1.11: The small dish, both unmasked and masked.
(a) The small dish unmasked with a rim angle of 70º, and area of 20m2.
(b) The small dish masked to a rim angle of 50º, and new area of 9m2.
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1.6. Thesis Overview
This thesis is structured as follows:
• Chapter 2 - Optical Modelling of Receiver Reactors
Chapter 2 presents optical characterisation of five receiver designs for the masked
9m2 dish, with flux profiles produced for the reactor tubes in each case. In addition
two conceptual receiver designs were characterised for the 489m2 dish. Compar-
ing reactor tube flux profiles is a preliminary method to screen potential receiver
geometries.
• Chapter 3 - Solar Dissociation Experiments with Three Receivers
Chapter 3 presents results from solar dissociation experiments for three receiver
geometries with the masked 9m2 dish. These receivers each featured varying cone
angles of reactor tubes (17.5º, 7.5º, 3.7º half cones), and were modelled optically
in Chapter 2. Experimental performance of each receiver was compared based on
receiver and system efficiencies and losses for various conditions of solar altitude,
tube temperature and insolation. Characteristic reactor tube temperature profiles
were also analysed for each receiver geometry. The results drew from 178 hours of
“on sun” operation of the masked dish concentrator performed by the author which
provided 311 steady state intervals.
• Chapter 4 - Reactor Modelling
Chapter 4 describes the existing computational receiver/reactor model (developed by
Lovegrove and Paitoonsurikarn), and compares experimental results from Chapter
3 with simulations.
• Chapter 5 - Three Receiver Energy Balances
Following poor agreement between experimental and simulation results in Chapter 4,
Chapter 5 outlines a heat loss methodology for each of the three receiver geometries,
each verified with a substantial body of experimental data from Chapter 3. Of note
was the incorporation of 3D radiation loss modelling using the open source View3D
software and script F view factors, which allowed the modelling of distinct reactor
tubes and cavity walls.
Using these heat loss methodologies in combination with the knowledge of charac-
teristic reactor tube temperature profiles, predicted heat loss curves were produced
for each of the three receivers for a wide range of temperature profiles – wider than
those examined experimentally. Here the temperature profiles were held constant
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as the solar altitude varied, as opposed to the experimental results in Chapter 3 in
which the temperature varied with the solar altitude due to a constant mass flow
setting each day. Using these predicted heat loss curves, preliminary results were
obtained integrating the receiver losses over the course of a year. These indicate
that the 3.7º receiver geometry would reduce receiver losses by 25% compared to
the 17.5º receiver geometry on an annual basis.
The energy balance analysis developed in this chapter is key to developing an im-
proved computational receiver/reactor model, and improved receiver/reactor de-
signs.
• Chapter 6 - Conclusions and Future Investigations
Chapter 6 presents conclusions from this project, and future avenues of investigation.
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2. Optical Modelling of Receiver
Reactors
Optical modelling can be used as a preliminary method to screen potential receiver
geometries. The concentrated solar flux profiles on the reactor tubes can be used
to compare different receiver geometries. For example – is there a peak in the
flux or is it more evenly spread along the tube length? Does the peak occur early
or late along the reactor tubes? Following this initial comparison, experimental
studies can be carried out to ascertain which flux profiles are most advantageous
for receiver efficiency (Chapter 3). The flux profiles can also be used as an input
for computational energy balance modelling for each receiver geometry (Chapter
4). Optical simulations for the masked 9m2 dish are detailed in this chapter, along
with selected simulations for the 489m2 dish. The simulations carried out with the
masked 9m2 dish produced optical characterisation of five receiver designs, with
flux profiles produced for the reactor tubes in each case. Meanwhile two conceptual
receiver designs were characterised for the 489m2 dish. To begin the chapter, the
dish systems are described, and the optical models of these systems are detailed.
2.1. Dish Systems and Optical Models
This section describes in further detail the masked 9m2 dish, the unmasked 20m2
dish, and the 489m2 SG4 Big Dish, on which the simulations in this chapter are
based. The optical model for the masked 9m2 dish and receivers is then developed
– optical models for the unmasked 20m2 dish and the 489m2 SG4 Big Dish had
previously been developed by Paitoonsurikarn (2006), and Preston and Scott and
Zapata (Zapata et al., 2010) respectively.
Developing the optical model of the masked 9m2 dish and receivers involved:
• Modelling the masked 9m2 dish and five different receiver geometries in Op-
tiCAD 10.0.
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• Characterizing the masked 9m2 dish with an experimental flux map, and com-
paring this to a similar flux map obtained by ray-tracing with OptiCAD.
• Obtaining flux profiles for the reactor tubes by ray-tracing in OptiCAD for
the masked 9m2 dish and five different receiver geometries.
OptiCAD is a computer program for the layout and analysis of three-dimensional
optical systems, that is structured in a computer-aided design (CAD) format. For
more details on this software see OptiCAD (2008).
We begin with a description of the physical dish systems.
2.1.1. Dish Systems
Technical drawings of the 20m2 and 489m2 dish systems on which the ray-tracing
models were based are shown in Figure 2.1, with key dimensions for the 489m2 dish
given in Table 2.1. The prototype ammonia receiver is shown in Figure 2.2, and
previously in Figure 1.6.
The unmasked 20m2 dish is mirrored with around 2,000 flat mirror tile facets ar-
ranged in concentric rings on a paraboloidal fibre glass support structure (Figure
1.11a). This reduces to around 1,000 facets when the dish is masked to 9m2 (Fig-
ure 1.11b). These mirror facets range in size from a side length of 5 cm to 10 cm.
The prototype ammonia receiver consists of 20 packed bed catalytic reactor tubes
arranged in a frustum inside the insulated cavity receiver. These operate in parallel
flow, connected with thin feeder and product tubes via the header shown in Figure
2.2a.
Dish aperture 489 m2
Focal length 13.4 m
Average diameter 25 m
Average rim angle 50.1º
Table 2.1: Dimensions for the 489 m2 SG4 Big Dish.
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(a) (b)
Figure 2.1: Technical drawings of the 489m2 SG4 Big Dish (a) and the small 20m2 dish
(b, unmasked). Dimensions for the 20m2 dish are shown in millimetres (diagram from
Paitoonsurikarn (2006)). For comparison, the small 9m2 masked dish has a diameter
of 3400mm. Key dimensions for the 489m2 SG4 Big Dish are given in Table 2.1.
(a) (b)
Figure 2.2: The physical receiver on which the simulations were based.
(a) A cross section of the prototype receiver. (Diagram from Paitoonsurikarn (2006).)
(b) The prototype receiver with insulation, external casing and front shield all in place.
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2.1.2. Optical Model
The 9m2 masked dish and the prototype ammonia receiver were modelled using
OptiCAD 10.0 ray-tracing software (OptiCAD, 2008). A schematic of the OptiCAD
model of the 9m2 dish used to perform ray traces is shown in Figure 2.3, along
with a model of the unmasked 20m2 dish for comparison. For the OptiCAD model,
the coordinates of each mirror facet are individually included, along with a receiver
containing a cone of reactor tubes. Ray traces were performed with 4 million rays,
using the Sobol sampling method. Sobol sampling provides many of the benefits
of the Monte Carlo method, but with a quicker convergence time – proportional to
1/N for large samples, as opposed to 1/√N for the Monte Carlo method (OptiCAD,
2008).
2.1.3. Comparison of Simulated and Experimental Flux Maps
In order to validate the ray-tracing results, experimental flux mapping was under-
taken for the masked dish while tracking the sun. The camera-target flux-mapping
method was used, which provides a flux distribution over the target plane to a high
level of spatial resolution. This indirect characterization method is described in
detail by Ballestrín et al. (2012), and has been previously applied to dish concentra-
tors (Ulmer et al., 2002). The experimental set-up for the camera-target flux map
is shown in Figure 2.4. A Prosilica GC1290 12-bit monochromatic machine-vision
camera was mounted at the dish apex, and a white water-cooled diffusely reflect-
ing target was mounted 3 cm in front of the focal plane. Ideally this target would
be mounted exactly at the focal plane, but this was not possible due to physical
constraints of the receiver.
In the camera-target flux-mapping method, there are two methods of determining
the absolute flux levels across the target plane (Ballestrín et al., 2012). The first is to
embed a calibrated radiometer into the target surface and scale the flux distribution
to this reference value. This method results in a dark spot on the image in the
location of the radiometer, over which the flux distribution must be interpolated.
However, interpolation over this dark spot can introduce significant uncertainty
due to steep gradients in the flux distributions (Ulmer et al, 2002). The second
method, which was employed in the experiment described here, is to scale the image
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(a)
(b)
Figure 2.3: The OptiCAD models of the masked and unmasked small dishes, and the
receivers, as used for ray-tracing.
(a) The OptiCAD model of the small dish masked to a 50º rim angle and 9m2.
(b) The OptiCAD model of the unmasked small dish, with 70º rim angle and 20m2
aperture.
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intensity by equating the integrated sum of the greyscale levels on the CCD (charge-
coupled device) array to the total power predicted to be incident on the target. This
assumption of equality can be made when the target is sufficiently large to capture
the trailing ends of the flux distribution.
Photos were taken of the solar focus on the target (Figure 2.5b), and analyzed
with custom imaging processing routines. First a “blank” photo of the target was
taken with no concentrated flux (Figure 2.5a) – i.e. while the dish was not tracking
the sun. This allowed location of the rectangle of fiducials (four black points) used
to give a scale to the photo. Next an image of the concentrated flux was taken
(Figure 2.5b) with several neutral density filters in front of the camera lens to avoid
saturating (and damaging) the CCD array. The blank photo had the same camera
focus and camera location as the concentrated flux image, but neutral density filters
were removed. The blank photo provides both a threshold for background light
intensity which is subtracted for the concentrated flux image; as well as the fiducial
or “corner” markings with known separations which are used to determine the scales
of both images. The target surface in Figure 2.5a is not Lambertian, however for this
level of comparison of simulated and experimental flux profiles, a diffusely reflecting
target was sufficient.1
Figure 2.4: A schematic of the flux-mapping experimental set-up (Image from Paitoon-
surikarn (2006)). Note that the reflective area of the dish was reduced to 9m2 due to
the mask shown in Figure 1.11b.
1A Lambertian surface is the ideal case of a diffusely reflecting target such that the apparent
intensity of light at the surface is the same regardless of the observer’s angle of view.
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(a) (b)
Figure 2.5: Flux map photographs.
(a) Photograph of the flux mapping target with fiducials while the dish was not track-
ing.
(b) Photograph of the flux mapping target showing the concentrated solar focus (with
the dish tracking the sun). Several neutral density filters were employed to avoid satu-
rating the CCD array.
The experimental flux map from Figure 2.5b was compared to an OptiCAD ray-
trace simulation using the dish model from Figure 2.3a in which a plane target was
placed close to the focus of the dish model. The results are shown in Figure 2.6.
As the dish is symmetrical, flux cross sections in any direction are essentially equal.
In the OptiCAD simulation, the target was placed 3 cm in front of the dish focal
plane, as this was the case for the experimental flux map target, due to physical
constraints of the receiver. The two flux profile cross-sections agree within ± 4%
for any given distance value, when an average slope error of 2mrad is applied to the
mirror facets in the OptiCAD model. This level of agreement for flux profiles on the
characterization target suggests that we can expect ray-traced flux profiles for the
reactor tubes produced using this model to also be accurate within ± 4%. (It is not
practical to take photographic flux maps of the reactor tubes within the receiver.)
The ray-traced profiles of concentrated solar flux on the reactor tubes for various
receiver geometries are presented in the following section.
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Figure 2.6: Flux cross-sections produced from an experimental photograph (Figure 2.5b)
and an OptiCAD ray-trace (Figure 2.3a) of the 9m2 dish masked as shown in Figure
1.11b.
2.2. Optical Modelling of Receiver Flux Distributions
for the 9m2 Dish
Five reactor geometries were modelled for the 9m2 dish based on variations to the
prototype ammonia receiver shown in Figures 2.2 and 1.6. All five geometries con-
sisted of 20 reactor tubes, each of 1.3 cm outer diameter and 50 cm length, arranged
in a frustrum or cylinder inside the cavity receiver. Incident flux profiles determined
by OptiCAD ray-trace for the reactor tubes for each of the five receiver geometries
are given in this section.
2.2.1. Five Receiver Geometries
The five reactor geometries chosen for optical modelling with the 9m2 dish are shown
in Figures 2.7 to 2.11. These each consisted of the same insulated cavity, but with
five different arrangements of reactor tubes as follows:
• The original prototype receiver – a frustum of reactor tubes with angle 17.5º
to the horizontal.
• A frustum of reactor tubes with angle 7.5º to the horizontal.
• Reactor tubes arranged in a cylinder with radius 45mm (no gaps between
tubes).
• A 77mm radius cylinder.
• A 108mm radius cylinder.
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These geometries can be described more explicitly by giving the ring radius at the
small end (near the manifold), and the frustum half angle as given in Table 2.2.
The number of tubes (20) as well as tube dimensions were held constant for each of
these five geometries.
Receiver Geometry Small Ring
Radius (mm)
Frustum
half angle
Frustum with half angle 17.5º 45 17.5º
Frustum with half angle 7.5º 45 7.5º
Cylinder with radius 45mm 45 0º
Cylinder with radius 77mm 77 0º
Cylinder with radius 108mm 108 0º
Table 2.2: Definition of the five receiver geometries used for optical modelling with the
9m2 dish.
As radiometers – the component used to measure flux – are limited to flat surfaces
in OptiCAD, each reactor tube was modeled as a hexagonal prism rather than a
cylinder, with one radiometer film for each of the six long faces. The flux profiles
produced by the ray-traces for the length of each individual face of the reactor tubes
are also presented in Figures 2.7 to 2.11. The flux profiles are of course higher for
the face facing the receiver aperture.
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Figure 2.7: The original prototype receiver (left) – a frustum of reactor tubes with angle
17.5º to the horizontal – and the flux profiles (right) along each face of the reactor tubes
in this geometry obtained by ray-tracing with a model of the 9m2 dish.
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Figure 2.8: A frustum of reactor tubes with angle 7.5º to the horizontal (left), and the
flux profiles (right) along each face of the reactor tubes in this geometry obtained by
ray-tracing with a model of the 9m2 dish.
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Figure 2.9: Reactor tubes arranged in a cylinder with radius 45mm (left – no gaps between
tubes), and the flux profiles (right) along each face of the reactor tubes in this geometry
obtained by ray-tracing with a model of the 9m2 dish.
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Figure 2.10: A 77mm radius cylinder of reactor tubes (left), and the flux profiles (right)
along each face of the reactor tubes in this geometry obtained by ray-tracing with a
model of the 9m2 dish.
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Figure 2.11: A 108mm radius cylinder of reactor tubes (left), and the flux profiles (right)
along each face of the reactor tubes in this geometry obtained by ray-tracing with a
model of the 9m2 dish.
2.2.2. Average Flux Distributions for Five Receiver Geometries
Average reactor tube flux profiles obtained by ray-tracing are shown in Figure 2.12
for the five receiver geometries illustrated in Figures 2.7 to 2.11. These are the
average of the individual face profiles shown in Figures 2.7 to 2.11. The principal
difference between each of these curves is to what extent does the receiver geometry
shift the peak flux towards the aperture, where flow first enters the reactor bed, and
how high is that peak compared to flux further along the tube. Reducing the half
cone angle of the tubes from 17.5º for the original receiver to 7.5º to 0º (cylinders),
shifts the peak flux closer towards the aperture. Reducing the cylinder radius for
the reactor tubes shifts the peak flux even closer towards the aperture, and increases
the magnitude of the peak.
Presumably a high initial solar flux would allow the reactant (ammonia) to quickly
heat up to a temperature high enough for dissociation to occur. But if temperatures
were too high near the aperture, this would cause higher heat losses. To ascertain
conclusively which flux profile would allow most efficient reactor operation, solar
dissociation experiments were performed with the different geometries, as described
in Chapter 3. Ultimately only three of these geometries were evaluated experi-
mentally due to practical constraints with the reactant distribution manifold (as
per Figure 1.6) and tube operating temperature limits. These geometries were the
original 17.5º half cone, a 7.5º half cone, and a 3.7º half cone with 77mm radius
base. The 3.7º half cone was the closest geometry physically possible to the 77mm
radius cylinder for which ray-tracing was performed. A summary of average reactor
tube flux levels for these three receiver geometries is given in Table 2.3 for the tube
33
2. Optical Modelling of Receiver Reactors
inlets, peak fluxes and tube outlets.
Figure 2.12: Average reactor tube flux profiles obtained by ray-tracing for the five receiver
geometries depicted in Figures 2.7 to 2.11. Irradiance values are an average around the
outer circumference of the tubes.
Average tube flux
Receiver geometry At inlet Peak At exit
77mm radius cylinder
(approximation to 3.7º half
cone)
2.2W/cm2 2.6W/cm2 at 35mm 0.5W/cm2
7.5º half cone 0W/cm2 2.1W/cm2 at 120mm 0.7W/cm2
17.5º half cone 0W/cm2 1.7W/cm2 at 195mm 1.0W/cm2
Table 2.3: A summary of average reactor tube flux levels for the three receivers investigated
experimentally.
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2.3. Optical Modelling of Receiver Flux Distributions
for the 489m2 Dish
While experiments were only performed with receiver geometries for the 9m2 dish,
ray-tracing was also performed for two conceptual receiver designs for the SG4
489m2 dish.
The OptiCAD model of the SG4 dish used – shown in Figure 2.13a – was developed
by Zapata (Zapata et al., 2010). Zapata made adjustments for mirror curvature,
dish structure sagging, and random positioning errors for individual mirrors. To
model mirror curvature, he split the dish into two sections – inner and outer – each
with different radii of curvature. He then assigned axisymmetric rotations for dish
sagging of 0.18º, 0.20º and 0.22º for the 9th, 10th and 11th rings of mirror panels,
respectively. In this manner, Zapata calibrated the OptiCAD model against the
experimental full moon flux map for the SG4 489m2 dish shown in Figure 2.13b,
which was performed by Burgess and colleagues (Lovegrove et al., 2011). The peak
concentration as well as the concentration ratio for both 90% and 95% radiation
capture were matched within margins of 0.25%, 2.6% and 11% respectively. Flux
mapping of the 489m2 dish was performed with the full moon rather than the sun
as substantial effort would have been required to produce a flux mapping target
with sufficient cooling so as to avoid melting the target while characterising with
the sun.2
2A few water-cooled targets were melted while attempting to flux map the SG4 489m2 dish with
the sun.
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(a) OptiCAD model of the SG4 489m2 “Big Dish” concentrator (see physical system in Figures 1.10b
and 2.1a), and a conceptual ammonia receiver.
(b) An experimental flux profile of the SG4 489m2 “Big Dish”, scaled for 1 sun conditions, but
determined by flux mapping with a full moon. (Data from Burgess.)
Figure 2.13: OptiCAD model of the SG4 489m2 “Big Dish” concentrator, and an experi-
mental flux profile of the physical dish to which the model was matched.
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Both of the conceptual receiver/reactors modelled here were based on scaled-up
versions of the prototype 15 kWsol ammonia receiver design as operated on the 20m2
dish – i.e. a collection of straight reactor tubes arranged in a frustum or cylinder.
One was arranged in a frustum with half cone angle of 7.5º (Figure 2.14a), while the
other was a cylinder with radius 0.3m (Figure 2.14b). Each contains 120 reactor
tubes of 1.3 cm diameter and 250 cm length inside an insulated cavity. The reason
for using these dimensions as a starting point can be explained with the aid of Table
2.4. The 20m2 dish receiver contains 20 reactor tubes, each of 1.3 cm diameter and
50 cm length. As per Table 2.4, the SG4 489m2dish captures almost 30 times more
energy than the 20m2 dish. This would indicate that 600 reactor tubes with 1.3 cm
diameter and 50 cm length would be a good starting point. But if the length of the
reactor tubes is increased, the number of tubes could correspondingly be decreased.
While the ratio will not be an exact one-to-one trade-off, this is used as a starting
point – hence 120 tubes of length 250 cm. Permutations in between are of course
also possible.
(a) A frustum of 120 reactor tubes, each
2.5m long, with half cone angle of
7.5º.
(b) A cylinder of 120 reactor tubes
(each 2.5m long) with radius
0.3m.
Figure 2.14: Two conceptual ammonia receiver configurations for the 489m2 SG4 Big Dish,
as used to determine reactor tube flux profiles via ray-tracing in OptiCAD.
The flux profiles in Figure 2.15 serve as an initial indication of the reactor tube flux
profiles possible with the 489m2 dish. Reactor tube flux profiles such as these would
be the starting point for evaluating ammonia receivers for the 489m2 dish in the
future with a computational receiver/reactor model. Comparing these flux profiles
with those obtained for the 9m2 dish concentrator in Figure 2.12, we see much
higher peak fluxes for the 489m2 dish, 13–26W/cm2. In comparison, peak fluxes
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20m2 dish
(un-
masked)
489m2 dish
Mirror reflectivity (%) 77.5 93.5
Approximate incident power at receiver (kW) 15.5 457.2
Multiplying factor compared to power of small dish 1 29.5
Table 2.4: Calculation of the power of the 489m2 SG4 Big Dish, compared to that of the
20m2 dish.
Figure 2.15: Average reactor tube flux profiles from ray-tracing in OptiCAD for two con-
ceptual ammonia receiver configurations – illustrated in Figure 2.14 – for the 489m2
SG4 Big Dish.
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for the receivers for the 9m2 dish concentrator were between 1.5 and 2.6W/cm2 for
four out of the five receiver geometries, with the last geometry producing a peak of
7W/cm2. Therefore before such receivers could be tested experimentally, it would
have to be evaluated whether the reactor tubes could withstand these peak fluxes,
and the associated wall temperatures. Perhaps given the power of the 489m2 dish,
it would be more advantageous to drop the peak intensity and spread it over a larger
tube distance, still maintaining a certain threshold value at the aperture-end of the
tube.
2.4. Summary of Optical Modelling
This chapter has presented optical modelling results for several receiver designs
for both the masked 9m2 dish concentrator and the 489m2 dish. Five receiver
designs were characterized optically for the masked 9m2 dish, with flux profiles
produced for the reactor tubes in each case, while two conceptual receiver designs
were characterized for the 489m2 dish. By changing the reactor tube cone angle or
cylinder radius, the peak flux can be shifted towards the inlet of the reactor tubes,
and the magnitude of the peak can also be increased. It is hypothesised that these
different reactor tube flux profiles will result in different receiver efficiencies. The
following chapter (Chapter 3) presents the experimental efficiency findings for three
receiver designs with the masked 9m2 dish concentrator.
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with Three Receivers
This chapter presents results from solar dissociation experiments performed with
the masked 9m2 dish. Three different receiver geometries were investigated – two of
which had reactor tube flux profiles produced by OptiCAD ray-tracing in Chapter
2. These were the original 17.5º half cone, a 7.5º half cone, and a 3.7º half cone
with 77mm radius base. The 3.7º half cone geometry is an approximation of the
77mm radius cylinder, also modelled with OptiCAD ray-tracing. Only three of the
five modelled geometries were evaluated experimentally due to practical constraints
with the reactant distribution manifold and tube operating temperature limits.
Over the course of this project, 178 hours of “on sun” operation of the masked
dish concentrator were achieved by the author from December 2009 to May 2010.
From this experimental data, efficiencies of ammonia conversion were determined
for all three receiver geometries over a range of solar altitudes. Solar-to-chemical
efficiencies, receiver efficiencies, system losses and receiver losses were all analysed –
with respect to solar altitude, average tube temperature, insolation and windspeed.
In addition, reactor tube temperature profiles within the receiver were analysed.
First an overview of the experimental apparatus and operation is given.
3.1. Experimental Apparatus and Operation
This section details the experimental equipment and method used to obtain solar
dissociation data for three ammonia receiver/reactor geometries, as well as changes
made to the existing laboratory in order to perform the experiments.
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3.1.1. Layout of the Solar Ammonia Laboratory
Key components of the solar ammonia laboratory at the Australian National Uni-
versity have been described in preceeding chapters – for example:
• the 20m2 dish concentrator masked to 9m2 (Figure 3.1 below).
• the prototype receiver (Figure 2.2).
These two components operate within the broader system of the solar ammonia lab-
oratory as depicted in the simplified diagram in Figure 3.2. The ammonia circuit
starts at the 20L high pressure storage vessel (label 5 in Figure 3.2, also pho-
tographed in Figure 3.3), and is pumped via a piston pump (Figure 3.4) through
the heat exchanger to be pre-heated before entering the receiver. The heat ex-
changer is located on one of the receiver arms, as illustrated in Figure 3.1. In the
receiver, the ammonia passes through the catalyst-filled reactor tubes, dissociating
into nitrogen and hydrogen gases – the energy for this reaction being supplied by
the dish concentrator. The hot product mix, with varying compositions of nitrogen
and hydrogen gas and unreacted ammonia, then preheats the incoming reactants in
the heat exchanger. Now cooled, the product mix then passes through the balancing
separator (which was not functioning during these experiments) and back into the
20L high pressure storage vessel (label 5, chemical storage in Figure 3.2) where the
gases and unreacted ammonia separate. The change in level of ammonia in this
vessel over a 10-15 minute period indicates the energy stored. The level change
is measured using a differential pressure transmitter, as described in Appendix A.
Readings from thermocouples and transducers at various points within the system
are logged by the data logging apparatus. A plan of the solar ammonia laboratory
and equipment is given in Figure 3.5.
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Figure 3.1: The masked dish with 9m2 area. The heat exchanger is located on the right-
most support arm for the receiver.
Figure 3.2: A simplified diagram showing ammonia and product flows in the solar ammonia
laboratory. (Image from Paitoonsurikarn (2006).)
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Figure 3.3: A view inside the shed at the solar ammonia laboratory showing pipework (left)
leading outside to the dish, the balancing separator which was not in operation during
these experiments (centre), and the two 20L high pressure storage vessels (right). Only
the right-most storage vessel was in operation during these experiments.
Figure 3.4: The piston pump (bottom left). The refrigeration equipment in the top of the
photo is used only when filling the 20L storage vessel from the ammonia supply tank
(purchased from BOC).
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Figure 3.5: A plan of the solar ammonia laboratory and equipment. (Image from Paitoon-
surikarn (2006).)
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3.1.2. Improvements and Modifications to the Ammonia
Laboratory
Many improvements were made to the solar ammonia laboratory by the author,
with help from various members of the Solar Thermal Group, most often Mr Greg
Burgess. The majority of these improvements were necessary to allow experimental
data collection to continue. The following improvements made by the author are
detailed in Appendix B with photo documentation, in addition to details of day-to-
day maintenance of the laboratory also carried out by the author. The improvements
included:
• Replacement of the old Chessel data logging system with a DataTaker DT80
system.
• Installation of an anemometer and wind vane with data logging.
• Installation of a back pressure regulator at the 20L high pressure storage vessel
to allow constant pressure experiments.
• Installation of an adjustable spring-loaded plate for the shadow stick used for
closed loop control of the dish tracking.
• Installation of the pyrheliometer on the rim of the dish to avoid tracking errors
from the pyrheliometer tracking unit that was malfunctioning.
• Assembly of a ladder with work platform to safely work at the height of the
receiver.
3.1.3. Three Receiver Configurations
Solar dissociation experiments were carried out with the masked 9m2 dish concen-
trator and three receiver geometries, as shown in Figure 3.6:
• a frustum of tubes with a half cone angle of 17.5º;
• a frustum with a half cone angle of 7.5º; and
• a frustum with a half cone angle of 3.7º.
These three geometries are further defined in Table 3.1. The number of tubes (20)
as well as tube dimensions were held constant for each geometry.
This third geometry approximates the cylindrical receiver of radius 77mm shown in
Figure 2.10. However, due to the physical constraints of the reactant distribution
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Receiver Geometry Small Ring
Radius (mm)
Frustum
half angle
Frustum with half angle 17.5º 45 17.5º
Frustum with half angle 7.5º 45 7.5º
Frustum with half angle 3.7º 45 3.7º
Table 3.1: Definition of the three receiver geometries used for solar dissociation experiments
with the 9m2 dish.
manifold, the tops of the reactor tubes were kept at a radius of 45mm forming a
frustum, rather than being pushed out to a radius of 77mm to form a cylinder. In
addition, four reactor tubes (circled in pink in Figure 3.6) were kept at the 7.5º
position while the rest were at 3.7º, to prevent the reactor tube bundle from falling
through the aperture. In this 3.7º configuration, the ends of the thin feeder and
product tubes leading to and from each reactor tube were shielded with ceramic
fibre insulation to avoid direct exposure to the concentrated solar flux.
Figure 3.7 shows the receiver in the third configuration – a frustum with half cone
angle 3.7º and base radius 77 mm – but with the front shield in place. There is also
less insulation on the ends of the tubes in this photo compared to the third photo
in Figure 3.6 – a minimum amount of insulation was desirable so that the feeder
tubes were protected, but the insulation did not block the solar radiation entering
the receiver.
After the receiver configuration was changed from the original 17.5º to 7.5º, it was
necessary to extend the cavity slightly by the addition of extra insulation between the
receiver casing and the front shield (refer to the receiver cross-section in Figure 2.2a)
to accomodate the “longer” cone of the reactor tubes in their new 7.5º configuration
as opposed to the shorter, squatter cone in the 17.5º configuration. This slightly
extended cavity was maintained for the 3.7º receiver geometry. A photo of the inside
of the shield with additional insulation attached is given in Figure 3.8. In turn it
was necessary to shift the receiver arms away from the dish so that the receiver was
a few centimetres further from the dish and the dish focus still coincided with the
receiver aperture – otherwise increased spillage losses on the front shield would have
been experienced for the 7.5º and 3.7º half cone receiver geometries. The receiver
arm movement is illustrated in Figure B.9 in Appendix B.
The experimental procedure used to obtain solar dissociation results with all three
receiver geometries follows.
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17.5o
7.5o
3.7
o
frustum
r = 77 mm
Figure 3.6: Three receiver configurations. Top: Receiver with the original 17.5º half cone
angle (all insulation removed). Middle: Receiver with a 7.5º half cone angle (viewed
looking into the aperture with the front shield removed). The indents in the wall
insulation indicate the position of the tubes in the frustum with a 17.5º half cone angle.
Bottom: Receiver in a frustum with base radius 77mm and half cone angle 3.7º (front
shield removed).
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Figure 3.7: The receiver with the front shield in place in the configuration of a frustum
with base radius 77mm, and half cone angle 3.7º.
Figure 3.8: The receiver shield with extra insulation to accomodate the “longer” 7.5º cone
of reactor tubes.
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3.1.4. Experimental Procedure
In a typical experiment, the mass flow was set, the dish began tracking the sun, the
receiver was allowed to reach pseudo steady state operation, and then the level of
ammonia dissociated was logged every 10-15 minutes as the solar altitude changed.
In this context, pseudo steady state operation refers to the state in which the initial
heat-up of the receiver has finished, and heat transfers are dominated by the heat
absorbed by the reactants and receiver losses, rather than by heating up the thermal
mass of the receiver. For example, looking at the receiver tube temperatures in
Figure 3.10, we can see that the initial heat-up of the receiver started at 9:00am and
finished around 9:50am. After this point, there are still changes in the environment
that occur over several hours – especially the solar altitude and DNI – which will
cause the receiver operation to change with respect to tube temperatures, inlet
temperatures, outlet temperatures, heat exchanger operation etc. However, if we
look at a short period of time – i.e. 10-15 minutes – then the environmental changes
are small enough and the additional heat absorbed or rejected by the receiver thermal
mass is small enough as to be negligible in comparison to the energy values of interest
during this period – either the energy stored in product gases or the receiver losses
during this period. The assumption of pseudo steady state operation is analysed in
more detail in Appendix C.
During the 178 hours of “on sun” operation during this project, 311 such pseudo
steady state logging points were obtained for the masked dish. The mass of ammonia
dissociated – calculated from the level of ammonia in the vessel – is the measure of
the energy stored. Owing to the sizeable length of piping between the solar receiver
and the 20L storage vessel, a time delay had to be taken into account for mea-
surements recorded at the receiver, compared to level changes at the storage vessel,
depending on the mass flow rate. Various parameters were logged by the DataTaker
unit during each run, including: reactor tube temperatures, heat exchanger temper-
atures, direct normal insolation (DNI), mass flow rate, wind speed and direction, and
various pressures. Graphs of a selection of these variables taken from the DataTaker
software DeLogger are given in Figures 3.9 to 3.11 for an experiment with the 17.5º
half cone receiver on January 29th 2010.
Referring to Figure 3.9, the regular small spikes in temperature indicate the times
at which the ammonia pump was momentarily stopped in order to record the level
of ammonia in the pressure vessels. The small drop in temperatures at 13:00 was
due to a change in mass flow rate. However shortly after this, it became cloudy and
the run was ceased, taking the dish “off sun”. Figure 3.10 shows additional reactor
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tube temperatures during the same experiment, while Figure 3.11 shows DNI, mass
flow rate, wind speed and direction, and various pressures within the system.
Summary data for the experiments at each optimal flow rate (the flow rates giving
the highest conversion efficiencies for each receiver geometry) are given in Appendix
I as electronic files. Detailed operation instructions for the 20m2 dish and ammo-
nia system are given in the Manual for the Ammonia Thermochemical Laboratory
(Kreetz et al., 2009).
The following sections present efficiencies, system losses, and temperature data ob-
tained during experiments such as the one depicted in Figures 3.9 to 3.11 for each
of the three receiver geometries – the 17.5º, 7.5º, and 3.7º half cone receivers.
Figure 3.9: DataTaker logging on January 29th 2010 for temperatures including the re-
ceiver inlet and outlet, reactor tube 7 profile temperatures (locations given in Figure
3.31a), and heat exchanger inlets and outlets.
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Figure 3.10: DataTaker logging for selected tube temperatures during an experiment on
January 29th, 2010. The temperature readings for tube 1 (dark blue) are an anomaly
– most likely the insulation used to shield the thermocouple from radiation had come
loose.
Figure 3.11: DataTaker logging for various experimental parameters on January 29th,
2010, including insolation, system pressures, mass flow and wind speed.
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3.2. Conversion Efficiency Results
To begin this section, solar-to-chemical efficiency and receiver efficiency are defined.
Both are key parameters for assessing the performance of different receiver configu-
rations.
3.2.1. Definition of Solar-to-chemical Conversion Efficiency
2NH3 + ∆H
catalyst

 N2 + 3H2 (3.1)
Equation 1.1 gave the equation for the reversible dissociation of ammonia, which is
repeated here in Equation 3.1 for ease of reference. The solar-to-chemical conversion
efficiency for the dissociation of ammonia is defined in Equation 3.2. The solar-to-
chemical conversion efficiency depends on the reaction extent – i.e. the percentage of
the ammonia reactant that has been converted into product gases. In Equation 3.2,
the mass flow rate of the product gases
(
1
2N2 +
3
2H2
)
is multiplied by the enthalpy
of the reverse reaction from Equation 3.1. At 20MPa and 20ºC the enthalpy of
the reaction is 66.8 kJ/mol or 3.92 kJ/g. It should be noted that the mass flow rate
of the product gases
(
1
2N2 +
3
2H2
)
is not usually equal to the incoming mass flow
of ammonia, as reaction extents of 100% are not in general obtained, as shown in
Section 3.2.5. The denominator is the solar radiation incident on the dish (qsol).
ηsolar−to−chemical =
m˙products (hproducts − hreactants)
qsol
(3.2)
ηsolar−to−chemical =
m˙(1/2N2+3/2H2)
(
h(1/2N2+3/2H2) − hNH3
)
qsol
The solar-to-chemical efficiency accounts for all losses in the solar dissociation system
– the dish reflectivity, flux spillage on the shield and tracking error, heat losses and
reflection losses from the receiver, and losses from the heat exchanger between the
receiver and the storage vessel, as depicted in Figure 3.12. Losses due to dish
reflectivity, flux spillage on the shield (i.e. not entering the cavity) and tracking
error are quantified in Section 3.2.2.2.
This chapter examines the solar-to-chemical efficiency over a wide range of experi-
mental conditions. But first a complementary efficiency measure – receiver efficiency
– is defined.
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flux 
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reflectivity
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Figure 3.12: The solar dissociation experimental system and associated energy losses. The
arrows pointing left from the system (red arrows) comprise the receiver losses, while all of
the arrows combined comprise the total system losses. (Adapted from Paitoonsurikarn
(2006).)
3.2.2. Definition of Receiver Efficiency
Given that this work aims to develop receiver designs, it is also useful to examine the
receiver efficiency removed from other system losses. Unlike the solar-to-chemical
efficiency, the receiver efficiency only takes into account heat losses and reflection
from the cavity receiver itself. Losses leading up to the receiver are not included.
This difference is illustrated in Figure 3.12. The receiver efficiency, shown in Equa-
tion 3.3, gives the enthalpy increase in the product/reactant mix leaving the receiver
(hreceiver,out), compared to the pure ammonia reactant that enters (hreceiver,in), as a
fraction of the concentrated solar radiation that enters the receiver.
ηreceiver =
m˙ (hreceiver,out − hreceiver,in)
qsol − (qR + qS + qT ) (3.3)
The losses due to dish reflectivity (qR), flux spillage (qS), and tracking error (qT)
which are subtracted from the solar radiation incident on the dish (qsol) in Equation
3.3 are quantified in Section 3.2.2.2.
Unlike Equation 3.2, the mass flow rate (m˙) here in Equation 3.3 is the total
mass flow. This is because the enthalpy difference between the outlet and inlet of
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the receiver (hreceiver,out − hreceiver,in) is not a constant. The enthalpies are calcu-
lated depending on the reaction extent at the outlet, and also the temperatures
and pressures at the inlet and outlet for the receiver. Although no further reac-
tion will take place when the product/reactant mix leaves the reactor tubes, the
temperature of this mix adds to the enthalpy hreceiver,out. In contrast, the enthalpy
difference used for the solar-to-chemical efficiency calculations (hproducts − hreactants)
or
(
h(1/2N2+3/2H2) − hNH3
)
is calculated at standard temperature (20ºC) and a fixed
pressure of 20MPa, because the product gases are stored at these conditions after
passing through the heat exchanger. Therefore
(
h(1/2N2+3/2H2) − hNH3
)
is a constant
– 66.8 kJ/mol or 3.92 kJ/g. The variable in the solar-to-chemical efficiency equation
Equation 3.2 is the mass of dissociated products m˙products or m˙(1/2N2+3/2H2).
To calculate the receiver efficiency, the enthalpy values hreceiver,out and hreceiver,in were
calculated using the Fortran code “Printtab” Lovegrove (1992a) in executable form,
which uses a subroutine developed by Williams (1978a) to determine the enthalpy
of mixtures of ammonia, hydrogen and nitrogen gas of various compositions. The
program uses pressure P (in atmospheres), temperature T (in K), and reaction extent
δ as inputs to calculate the enthalpy. The sources of each of these input values are
discussed below. All values were averaged over the sampling time – typically 10-15
minutes.
3.2.2.1. Pressures and Temperatures for Receiver Enthalpy Change
The sources of each of the input values to calculate receiver inlet and outlet en-
thalpy hreceiver,in, and hreceiver,out are summarised in Table 3.2. The pressure and
temperature sources are discussed here, while example reaction extents are given in
Section 3.2.5.
The pressures used were the receiver inlet pressure (transducer P13) for hreceiver,in,
and receiver outlet pressure (transducer P12) for hreceiver,out, except in the occasional
experiment in which the outlet pressure reading exceeded the inlet pressure reading.
In such cases, the average of the two pressures was used. This anomaly was most
likely due to sensor drift and is discussed in Appendix D.
The temperature used for the receiver inlet was the outlet of the heat exchanger
where the ammonia had been preheated by the exiting product mix prior to enter-
ing the receiver, as shown in Figure 3.13. The outlet or exit temperature was the
average of the reading for thermocouple 7-1, and that at the “Solar Reactor Exit”,
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Variable Value for calculation of
hreceiver,in
Value for calculation of
hreceiver,out
Pressure Receiver inlet pressure
(transducer P13)
Receiver outlet pressure
(transducer P12)
Temperature Heat exchanger hot exit
thermocouple
Average of the reading for
thermocouple 7-1, and that at
the “Solar Reactor Exit”.
Reaction extent 0 (pure ammonia) 0 – 1
Calculated from the mass of
ammonia dissociated over the
sample period (10-15 minutes).
Table 3.2: Input value sources for the calculation of hreceiver,out and hreceiver,in using Print-
tab.
also shown in Figure 3.13. This is because the ideal temperature for this calcula-
tion would be immediately at the exit of each reactor tube (Figure 3.13), before the
thin product tube takes the product mix back up to the reactor manifold and out
to the heat exchanger. Ideally this thin product tube and the following manifold
and piping would be perfectly insulated until the product gases arrived at the heat
exchanger (also insulated), and hence this is the exit temperature that should be
used for the receiver. However, the experimental apparatus used did not have any
thermocouples immediately at the exit of each reactor tube. There is one thermo-
couple (7-1) measuring the outer tube temperature at the end of the catalyst bed.
The product/reactant mix then flows through the hollow centre of the reactor tube,
transferring heat to the catalyst bed – as shown in Figure 1.7. The mix then exits
the reactor tube and flows through the thin product tube to the reactor manifold,
and on exiting the manifold, the “Solar Reactor Exit” thermocouple measures the
temperature immediately before exiting the cavity receiver through the insulation
and flowing through piping to the beginning of the heat exchanger. In an ideal
receiver, there would be minimal temperature drop between the exit of the reac-
tor tube and the heat exchanger1. Thus the average temperature for thermocouple
7-1 and the “Solar Reactor Exit” was used to calculate hreceiver,out. Temperature
readings for thermocouple 7-1 and the “Solar Reactor Exit” can be found in the
electronic files for Appendix I, with an example plotted in Appendix H (although
this example references a different use of these two thermocouple readings).
Now that the pressures and temperatures have been established for calculating the
1But in practice as the product tubes are not well insulated, there is a temperature drop as the
product passes through connective piping/feed tubes.
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enthalpy difference between the outlet and inlet of the receiver (hreceiver,out − hreceiver,in),
the following section quantifies the losses due to dish reflectivity (qR), flux spillage
(qS), and tracking error (qT) from the denominator of Equation 3.3.
Solar Reactor Exit
TC 7-1
TC 7-2
TC 7-3
TC 7-4
TCs used to give outlet average
Ideal thermocouple placement
Receiver inlet temperature 
(outlet of heat exchanger)
Figure 3.13: Cross section of receiver showing the ideal and actual thermocouple (TC)
placement to calculate hreceiver,out, as well as the thermocouple used to calculate
hreceiver,in.
3.2.2.2. Reflection, Interception and Tracking losses
Dish reflectivity (qR) and tracking error (qT ) losses used in Equation 3.3 are fairly
straight-forward, as outlined in Table 3.3. Evaluation of the flux spillage (qS) is
more involved. This is the percentage of flux falling outside the cavity aperture,
and is estimated both from the experimental flux map and ray-tracing. Figure 3.14
shows the power-in-radius capture for flux maps obtained both experimentally, and
by OptiCAD ray-trace. The experimental flux map from the experiment described
in Section 2.1.3 gives a flux spillage of 6.6%. However this is an over-estimate of the
true flux spillage as the experimental flux map target was located 3 cm in front of the
dish focal plane, due to physical constraints of the receiver. An OptiCAD ray-trace
prediction of power-in-radius was generated for a target located at the focal plane
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and yields a flux spillage of 0.88%. However this is an under-estimate of the true
flux spillage, due to the inaccuracy in matching the tails of the experimental and
ray-tracing flux distributions (see Figure 2.6). Thus the average of the values (i.e.
3.7%) has been used for qS .
(a) (b)
Figure 3.14: Percentage of flux captured by the cavity aperture of radius 0.0975m for
both an OptiCAD ray-trace, and the experimental flux map of the masked 9m2 dish as
described in Section 2.1.3.
(a) 99.1% flux captured for the OptiCAD ray trace at the receiver aperture.
(b) 93.4% flux captured for the experimental flux map 3 cm in front of the receiver
aperture.
Loss mechanism Description Percent of
incident
radiation lost
qR – Dish reflectivity The 9 m2 masked dish was routinely
cleaned, but as it does not use low iron glass
mirrors, it is only 77.5% reflective
(Paitoonsurikarn, 2006).
22.5%
qS – Flux spillage An average was taken of the experimentally
determined flux spillage, and that obtained
by OptiCAD ray trace – 3.7%. Both are
shown in 3.14, with details in the text.
77.5 x 3.7% =
2.9%
qT – Tracking error Paitoonsurikarn (2006) discusses tracking
error for the 20m2 dish in detail, concluding
that the worst case loss is less than 0.5%.
< 0.5%
Table 3.3: Losses determining the concentrated solar energy that enters the receiver.
Now that the solar-to-chemical and receiver efficiencies have been quantified, their
experimental results can be presented.
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3.2.3. Mass Flow Rate Study
At the commencement of experiments, several efficiency data points were obtained
for each of a range of mass flow rates – as per Figure 3.15 – with the aim of
finding the optimal mass flow rate for each receiver geometry. However, it soon
became apparent that close to the optimal mass flow range, efficiency depended
significantly on solar altitude and tube temperature as well as on mass flow. Thus
in the following graphs, results are plotted for each receiver configuration against
solar altitude instead of against mass flow, and optimum mass flow rates are deduced
from these plots. Section 3.2.7 later presents the results with respect to temperature,
insolation and windspeed.
Figure 3.15: Experimental solar-to-chemical efficiencies obtained over a range of mass flow
rates, for solar altitudes in the range 50-56º.
3.2.3.1. Mass flow rate study for three receiver configurations
As described in Section 3.1.4, for a given experiment, the mass flow rate was set to
a constant value while the solar altitude changed over the course of the day. This
method was chosen as the needle valve controlling the mass flow rate could not be
automatically adjusted – i.e. it was easy to maintain a constant mass flow rate, but
there was no easy way to maintain constant temperature. Instead the temperature
was allowed to increase and decrease during the day with solar altitude, insolation,
and receiver losses. Figures 3.16 to 3.18 show the solar-to-chemical efficiencies
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obtained over a range of solar altitudes, for different mass flow rates of ammonia,
and for each of the three receiver geometries. Solar altitudes were calculated using
the application WinEphem (Tynes, 2002) from the time of day, and the latitude
and longitude for Canberra (35.3°S, 149.1°E). The flow rates giving the highest
efficiencies were 1.0 g/s and 1.25 g/s for the receivers with 17.5º and 7.5º half cone
angles. The mass flow study for the receiver with the 3.7º half cone was not as
extensive, but there appears to be little difference between efficiencies obtained with
1.25 g/s, 1.50 g/s and 1.75 g/s.2 The linear fits in Figures 3.16 to 3.18 were based
on the data from these optimal flow rate ranges. There is scattering of some data
series other than at the optimal flow rates, especially in Figure 3.16, due to various
experimental factors.
Figure 3.16: Solar-to-chemical efficiencies of a frustum receiver with 17.5º half cone angle
over a range of solar altitudes, at various flow rates. The linear fit shown is for flow
rates in the optimal range of 1.0 g/s to 1.25 g/s.
The solar-to-chemical efficiency values obtained are quite low, however to a large
extent this is a result of the masking of the dish (Figure 3.1) that has consider-
ably reduced its geometric concentration ratio, resulting in thermal losses from the
receiver accounting for a higher fraction of the incoming radiation. The geometric
concentration ratio is reduced from 645 for the full 20m2 dish to only 300 for the
masked 9m2 dish. The receiver aperture area is the same as was previously used
with the full 20m2 of mirror employed – 0.0975m in radius giving 96.3% capture for
the masked dish, as discussed in Section 3.2.2.2. Therefore the area through which
2The mass flow rates given are as set at the mass flow controller. In practice, taking into account
ramp up after the pump was stopped for each ammonia level reading, the average flow rate was
slightly lower: e.g. 1.22 g/s instead of 1.25 g/s.
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Figure 3.17: Solar-to-chemical efficiencies of a frustum receiver with 7.5º half cone angle
over a range of solar altitudes, at various flow rates. Again, the linear fit shown is for
flow rates in the optimal range of 1.0 g/s to 1.25 g/s
Figure 3.18: Solar-to-chemical efficiencies of a frustum receiver with 3.7º half cone angle
over a range of solar altitudes, at various flow rates.
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radiation and convection heat losses can occur is equal to that for the full 20m2
dish, however the concentrated solar radiation entering through this same receiver
aperture is less than half. In addition to the reduced concentration ratio, another
factor contributing to the low solar-to-chemical efficiencies is the low reflectivity of
the dish – 77.5% – as the mirrors for this dish are not made from low iron glass.
In most cases, a dependence on solar altitude can be seen in the efficiencies plotted
in Figures 3.16 to 3.18, which for this dish is largely associated with the dependence
of natural convection losses on receiver inclination. A secondary cause is due to the
coupling of insolation with solar altitude – on a clear-sky day, higher solar altitudes
mean less atmospheric attenuation, and hence higher insolation. Higher insolation
means more concentrated flux at the receiver, so for a given operating temperature,
fixed radiation and conduction losses (which do not depend on solar altitude) will
represent a smaller fraction of the energy incident at the receiver than at lower solar
altitudes.
The altitude dependence of natural convection losses has been well-documented
for dish receivers. Taumoefolau conducted indoor laboratory experiments using
an electrically heated receiver (Taumoefolau et al., 2004, Taumoefolau, 2004), and
Paitoonsurikarn completed Computational Fluid Dynamics (CFD) simulations for
various receiver geometries (Paitoonsurikarn et al., 2011, Paitoonsurikarn, 2006).
These CFD simulations included the original receiver geometry with a half cone
angle of 17.5º used in the experiments described in this chapter, as shown in Figure
3.6, as well as the larger receiver currently operating on the 489m2 Big Dish (Figure
1.10b).
For dish concentrators with high geometric concentration ratios, the increase in nat-
ural convection loss associated with solar altitude is quite minor. Take for example
the 489m2 Big Dish with a concentration ratio of 2,240 for 95% capture Lovegrove
et al. (2011). Burgess et al. (2011) used the CFD simulation results presented by
Paitoonsurikarn et al. (2011) to calculate the increase in natural convection loss for
the 489m2 Big Dish. For an altitude decrease of 30º, the predicted increase in natu-
ral convection loss is 4 kW – only 1% of the energy incident on the Big Dish receiver.
However, for the smaller masked dish with a geometric concentration ratio of only
300, the increase in natural convection losses represents quite a large proportion of
incident energy. Based on the CFD simulation results obtained by Paitoonsurikarn
et al. (2011) and Paitoonsurikarn (2006), we can calculate that at 600ºC an altitude
decrease of 30º can cause an increase in natural convection losses of between 630W
and 1,060W for the original receiver configuration (17.5º half cone), depending on
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the start and finish altitudes. This assumes the entire cavity is at 600ºC. With a
mirror reflectivity of 77.5%, this represents 10-17% of the solar radiation arriving
at the receiver. Further discussion of natural convection losses is given in Section
5.4, and a comparison of calculated convection losses compared to radiation and
conduction losses over a range of solar altitudes is given in Figures 5.65 to 5.70.
3.2.4. Comparison of Three Receiver Geometries at Optimal
Mass Flow Rates
Figure 3.19 compares the solar-to-chemical efficiencies of the three receiver geome-
tries in their optimal flow rate range, summarising the linear fits for the best per-
forming flow rates in each of the Figures 3.16 to 3.18. The receiver with 7.5º half
cone angle performs better than the frustum with 3.7º half cone, which performs
better than the receiver with 17.5º half cone. The maximum separation between the
best and worst linear fit (at 35.5º solar altitude) is 6.4% absolute3. This breaks down
to 2.4% separation between the trendline for the 7.5º half cone and the 3.7º half
cone, and 4.0% separation between the 3.7º half cone and the 17.5º half cone. These
results indicate that the spatial arrangement of reactor tubes within a solar cavity
receiver, and specifically in this case the half cone angle of reactor tubes, does affect
the conversion efficiency. This is an important finding as it indicates that geometric
optimizations can achieve efficiency gains with no, or very little, increase in costs of
manufacture for receivers – for example the three receiver geometries examined in
this work all consisted of identical numbers and types of reactor tubes.
The following section presents the dissociation rates and average tube tempera-
tures experienced during the experiments in Figure 3.19. Both receiver efficiency
and solar-to-chemical efficiency results are then examined with respect to several
experimental parameters: solar altitude, average tube temperature, direct normal
insolation and wind speed.
3Note that in Dunn et al. (2012c) a gain of up to 7% in solar-to-chemical efficiency was reported.
This referred to the difference between individual data points at a given solar altitude, rather
than between the linear fits to the data.
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Figure 3.19: Solar-to-chemical efficiency comparison for the three receiver geometries in
their optimal flow rate ranges.
3.2.5. Dissociation Rates and Average Tube Temperatures
Figure 3.20: Dissociation rates (mass flow rate of products, left) and average tube tem-
peratures (right) for the three receiver geometries in their optimal flow rate ranges.
Dissociation rates (or mass flow rate of products) and average tube temperatures are
shown in Figure 3.20 for the experiments at optimal flow rate ranges for the three
receivers. These are the same experiments for which solar-to-chemical efficiencies
are shown in Figure 3.19. The dissociation rate is the mass flow rate of products (ni-
trogen and hydrogen gas) that leaves the receiver in the exiting mixture of products
and unreacted ammonia. This corresponds to m˙products or m˙(1/2N2+3/2H2) in Equation
3.2. In other words, the dissociation rate is the mass of ammonia dissociated per
second in the receiver. These dissociation rates, or mass flow rates of products,
are used to calculate the solar-to-chemical efficiencies shown in Figure 3.19, as per
Equation 3.2. Average reaction extents can also be calculated as a percentage of
the total mass flow rate. These range from 15 to 80 % for the experiments in the
optimal flow rate ranges shown in Figure 3.20.
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The average tube temperatures plotted in Figure 3.20 are an average of the readings
from location B for each of the 20 reactor tubes (Figure 3.31a). As seen in Figure
3.20, there is an approximate linear dependence of average tube temperatures on
solar altitude. This is mainly an artefact of conducting the experiments at constant
mass flow rates throughout the day.
3.2.6. Comparison of Receiver Efficiencies and Solar-to-chemical
Efficiencies
Receiver efficiencies were obtained for each of the three receiver geometries oper-
ated in their optimum flow rate ranges. Figure 3.21 shows a comparison of these
receiver efficiencies and the solar-to-chemical efficiencies for the same experiments
(previously shown in Figure 3.19). The order of the linear trendlines for each re-
ceiver configuration is different for the receiver efficiencies, compared to the solar-to-
chemical efficiencies. The 17.5º half cone receiver still produces the lowest receiver
efficiencies, but the 3.7º half cone produces slightly higher receiver efficiencies than
the 7.5º half cone. It should however be noted that the data points for the 7.5º half
cone with flow rate of 1.25 g/s (light blue dashes) are in line with the line of best fit
for the 3.7º half cone. The maximum separation between the trendlines for receiver
efficiencies is still similar to the solar-to-chemical case (Section 3.2.4) – being 7.0%
absolute for the receiver efficiencies.
Obviously more than two curves for each receiver configuration would be necessary
to conclusively conclude which receiver out of the 3.7º half cone and 7.5º half cone is
the better design. However, the switching of the order of the trendlines for the 3.7º
and 7.5º half cones for receiver efficiencies compared to solar-to-chemical efficiencies
shows that receiver efficiency could be higher for one receiver design, but the solar-to-
chemical efficiency lower due to less optimal system-level operation – heat exchanger
operation for example.
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Figure 3.21: A comparison of receiver efficiencies and solar-to-chemical efficiencies for the
three receiver geometries operated in their optimal flow rates ranges.
Turning now to the magnitudes of the efficiencies, the receiver efficiencies are sub-
stantially higher than the solar-to-chemical efficiencies (1.6 to 2.9 times higher), and
are offset by roughly a constant value – 24.7% absolute for the lower altitudes, and
20.3% absolute at the higher altitudes. This illustrates that there is substantial scope
for improvement in the solar-to-chemical efficiencies even given the constraints of
these three receiver geometries. Obviously a large improvement could be made with
industry-standard 94% reflective mirrors rather than the current mirrors with 77.5%
reflectivity. However, as is represented by the drop in placing from first to second
of the 3.7º half cone from receiver efficiencies to solar-to-chemical efficiencies, an
improved heat exchange process would also raise the solar-to-chemical efficiencies.
This potential is highlighted by Figure 3.22 which gives temperatures recorded for
the reactor tube exit, the hot inlet for the products to the heat exchanger, and
the hot exit for the reactants from the heat exchanger. The first observation to
note from this graph is that there is a sizeable drop in temperature between the
reactor tube exit (Texit) and the hot inlet to the heat exchanger – compare the
upper-most curves of hollow diamonds, dashes, squares, triangles, circles and crosses;
to the mid-height curves of solid diamonds, stars, squares, triangles, circles and
plus signs. This temperature drop ranges from 52ºC–97ºC, depending on receiver
and solar altitude. This temperature drop could be greatly reduced with increased
insulation on all pipework both within and outside the receiver between the exit
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from the reactor tubes and the inlet to the heat exchanger. The second observation
is that there is at least 162ºC temperature difference, and up to 256ºC difference,
between the hot products entering the heat exchanger (Heat exchanger hot inlet,
mid-height curves), and the “hot” reactants exiting that have been pre-heated by
the heat exchanger before arriving at the receiver (Heat exchanger hot exit, lowest
curves). This clearly demonstrates the potential to increase the effectiveness of
the heat exchanger, though some loss is inevitable here due to the difference in
the specific heats of the product mix and the pure ammonia reactant resulting in
unequal changes in temperature (Williams and Carden, 1979a). Perhaps the losses
associated with each of these mechanisms were smaller in relative terms with the
unmasked 20m2 dish with 645 times concentration ratio, compared to the losses for
the masked 9m2 dish with only 300 times concentration ratio.
Referring again to Figure 3.21, there may still be scope for improvement in the
receiver efficiency itself. Paitoonsurikarn (2006) achieved receiver efficiencies of 50-
60% using the same receiver system in the 17.5º half cone configuration, but with an
unmasked 20m2 dish, and higher efficiencies still may be achievable with different
receiver geometries. It should be noted nonetheless that the relatively low receiver
efficiencies obtained in this work are in part due to the low concentration ratio of
the masked 9m2 dish.
Heat EX  Hot Exit
Heat EX  
Hot Inlet
Texit
Figure 3.22: Temperatures of the product mix on exiting the reactor tubes (Texit); at
the hot inlet to the heat exchanger; and the reactants at the “hot” exit of the heat
exchanger after pre-heating by the product mix.
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3.2.7. Efficiency Dependence
Previous sections examined solar-to-chemical efficiency and receiver efficiency with
respect to solar altitude. This section examines both efficiencies with respect to the
parameters of average tube temperature, direct normal insolation and wind speed.
The data series used are those with the optimum flow rate ranges for each receiver.
3.2.7.1. Dependence with respect to Temperature
Efficiency dependence with respect to temperature is examined in Figure 3.23. The
average tube temperature plotted in these graphs is the average for all tubes 1-20 at
approximately 20 cm length from the aperture-end of the tube. Note that in these
experiments, the mass flow was set, and the temperature varied with insolation,
heat losses etc.
Both the receiver efficiency curves and the solar-to-chemical efficiency curves follow
linear trends. The solar-to-chemical efficiency curves all fit to the same linear line
of best fit, bar one experiment – the 7.5º half cone experiment at 1.0 g/s on March
11th. In contrast, the receiver efficiencies for each experiment follow distinct lines
of best fit.
Figure 3.23: Receiver efficiency and solar-to-chemical efficiency vs temperature for the
three receiver geometries operated at their optimal flow rates.
The single linear line of best fit for the solar-to-chemical efficiency curves is consistent
with the linear curve for mass flow rates of products plotted in Figure 3.20, and
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the proportional relationship between solar altitude and temperature shown in the
same figure. The dissociation rate, or mass flow rate of products, increases linearly
with solar altitude, and since temperature is directly proportional to solar altitude
in these experiments, the mass flow rate of products also increases linearly with
temperature. Referring back to Equation 3.2, and noting that (hproducts − hreactants)
is a constant4, the solar-to-chemical efficiency should increase linearly with respect to
temperature just as the mass flow rates of products does (m˙products or m˙(1/2N2+3/2H2)).
It is possible that the single line of best fit for the solar-to-chemical efficiency curves
could be shown to apply more generally to each of the three receiver configurations
at their optimal flow rates, and the temperatures for March 11th could be shown
to be an anomaly. If that were the case, then the fact that there is a single linear
line of best fit between solar-to-chemical efficiency and temperature across the three
receiver geometries infers that no matter the receiver geometry used, the solar-to-
chemical efficiency should increase according to the same linear relationship with
temperature, given in Equation 3.4 (T in ºC). However, each of the three receiver
geometries may only be capable of attaining certain temperature ranges at steady
state. This could then explain the increase in solar-to-chemical efficiencies observed
in Figure 3.19 for the 7.5º half cone geometry, compared to the 3.7º half cone,
compared to the 17.5º half cone. Further analysis can be performed by examining
system and receiver losses with respect to temperature, as done in Sections 3.3 and
5.6.
y = 2.106× 10−3T − 9.564× 10−1 (3.4)
With regards to the receiver efficiencies for each experiment, there is significant
separation of the data points for the same receiver configuration at different flow
rates. There is also intermixing of the order of receiver efficiency curves for dif-
ferent geometries – e.g. the curve for the 7.5º half cone at 1.25 g/s is sandwiched
between the two curves for the 17.5º half cone. This spread in the receiver efficien-
cies compared to the solar-to-chemical efficiencies is due to the fact that the receiver
efficiency depends on reactor tube exit temperatures as well as the dissociation rate
to calculate the enthalpy of the mix leaving the receiver (hreceiver,out, Equation 3.3),
as discussed in Section 3.2.6. In contrast, the solar-to-chemical efficiency (Equation
3.2) depends solely on the dissociation rate m˙products at a given insolation. It should
4If we fix the reverse reaction conditions, say at 20MPa and 20ºC.
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also be noted that as mentioned previously, the temperatures obtained in these ex-
periments were not set points themselves, but rather depended on the set mass flow
rate, and varying solar altitude, insolation etc.
3.2.7.2. Dependence with respect to Insolation
The relationship between efficiency and direct normal insolation is examined in
Figure 3.24. The receiver efficiency curves are very similar to the solar-to-chemical
efficiency curves, only offset vertically. Both display linear trends, but there is
slightly more spread horizontally between curves for the receiver efficiencies than
the solar-to-chemical efficiencies.
Comparing this figure to the relationship between efficiency and solar altitude in
Figure 3.21, we see that the slope for each receiver geometry is different with respect
to insolation, while the slope is approximately the same with respect to solar altitude
for each geometry, though with a vertical offset. This indicates that the output
of the three different receiver geometries have different degrees of dependence on
insolation, with the 17.5º half cone having the most acute dependence on insolation.
In turn this is because the insolation (qsol) drives the average tube temperature in
the receiver which drives the reaction rate, but the three receiver configurations have
different steady state temperature responses to the same input insolation, due to
differing losses.
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Figure 3.24: Receiver efficiency and solar-to-chemical efficiency vs insolation for the three
receiver geometries operated at their optimal flow rates.
3.2.7.3. Dependence with respect to Wind Speed
Referring to Figure 3.25, there does not appear to be a clear relationship between
efficiency and wind speed for the experiments at optimal mass flow rates for each
of the three receiver configurations. This applies equally to receiver efficiency and
solar-to-chemical efficiency – both sets of curves are again very similar only offset
vertically.
This is most likely due to the very low wind speeds recorded in these experiments.
An experimental study into forced convection losses by Taumoefolau showed dis-
tinctly non-linear behaviour of total convection losses at wind speeds below 5m/s
(Taumoefolau, 2004). In contrast, at wind speeds above 5m/s, the total convection
losses increased linearly with wind speed. In addition, the wind speed presented here
is the free stream wind speed measured at a fixed anemometer location a few metres
from the dish – see Figure B.3. Wind direction also comes into play, especially the
wind direction with respect to the dish (which will change due to dish tracking), be-
cause dish shading reduces the wind speed seen at the receiver aperture, compared
to the free stream wind speed. This effect has been studied by Paitoonsurikarn
(2006) using Fluent CFD modeling.
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Figure 3.25: Receiver efficiency and solar-to-chemical efficiency vs windspeed for the three
receiver geometries operated at their optimal flow rates.
3.2.7.4. Summary of Efficiency Dependencies
From the graphs shown above, we see that both receiver efficiency and solar-to-
chemical efficiency have varying linear dependencies with respect to average tube
temperature and direct normal insolation at the optimal mass flow rates, as was
also the case for efficiencies plotted with respect to solar altitude. Meanwhile, there
does not appear to be a relationship between efficiency and wind speed at the low
wind speeds experienced during these experiments.
The following section examines both total system losses and receiver losses.
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3.3. System Losses
This section examines both receiver losses and total system losses, again with respect
to the variables solar altitude, average tube temperature, insolation and wind speed
for each of the three receiver geometries. The energy balance for the loss calculations
assume that the system is operating at a psuedo-steady state, as per the procedure
in Section 3.1.4.
Referring back to Figure 3.12, receiver losses include heat losses from the receiver,
and reflection losses out of the receiver. Reflection out of the cavity receiver is
insignificant in comparison to heat losses from the receiver. Receiver losses are
calculated using a method similar to the calculation of receiver efficiency presented
in Section 3.2.2. That is, the energy gained by the product/reactant mix whilst
in the receiver m˙ (hreceiver,out − hreceiver,in) is subtracted from the concentrated solar
energy that enters the receiver. This is expressed in Equation 3.5. As per Equation
3.3, the concentrated solar energy entering the receiver is calculated by subtracting
losses due to dish reflectivity (qR), flux spillage (qS), and tracking error (qT ) from
the solar radiation incident on the dish (qsol).
Lossreceiver = qsol − (qR + qS + qT )− m˙ (hreceiver,out − hreceiver,in) (3.5)
Again referring to Figure 3.12, total system losses incorporate the receiver losses
as well as dish reflectivity losses, flux spillage on the shield, tracking error, and
losses from the heat exchanger and associated pipework. Total system losses are
calculated using a similar method to the calculation of solar-to-chemical efficiency
presented in Section 3.2.1. That is, the energy stored in the exiting reactants
m˙products (hproducts − hreactants) is subtracted from the total solar energy incident on
the dish qsol. This is expressed in Equations 3.6 and 3.7, the latter in chemical
terms.
Losssystem = qsol − m˙products (hproducts − hreactants) (3.6)
Losssystem = qsol − m˙(1/2N2+3/2H2)
(
h(1/2N2+3/2H2) − hNH3
)
(3.7)
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Figure 3.26: Receiver losses and total system losses with respect to solar altitude.
Figure 3.27: Receiver losses and total system losses with respect to average tube temper-
atures.
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Figure 3.28: Receiver losses and total system losses with respect to direct normal insolation.
Figure 3.29: Receiver losses and total system losses with respect to wind speed.
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In Figures 3.26 to 3.29, both the total system losses and the receiver losses are
plotted for the three geometries in their optimal flow rate ranges. Total system
losses are roughly double the receiver losses – total losses range from 5,500-6,500W,
while receiver losses range from 2,750-3,750W. Aside from this vertical offset in
magnitude of the losses, the characteristics for the receiver loss curves are quite
similar to the total losses in each of the respective plots.
The plots against altitude, average tube temperature, and direct normal insolation
share a common structure of linear trendlines for each receiver configuration and
flow rate. In contrast, the plot of losses with respect to wind speed does not display
any trends. This is due to low wind speeds during these experiments, as discussed
in Section 3.2.7.3.
The different slope for the trendlines for each receiver geometry is not of particular
significance. Each is a product of both the solar altitudes at which the experiments
were conducted, and the tube temperatures attained, and can be approximately
reconstructed using the predicted receiver loss curves in Figures 5.73 to 5.75 on
page 211.
Special mention should be made of the temperature variable. Figure 3.27 shows a
downward trend of losses for the 7.5º and 17.5º half cone receivers with increasing
temperature. In general, one does not expect losses to decrease with temperature –
however in these experiments temperature was not an independent variable. Tem-
perature was dependent on solar altitude and insolation as the experiments were
performed at constant mass flow rate. The effect of temperature as an independent
variable can however be seen in the predicted receiver loss curves in Figures 5.73 to
5.75.
In the same vein, the similarity between the three plots of losses with respect to
altitude, average tube temperature and insolation is not surprising as each of these
parameters are approximately linearly proportional. Insolation of course increases
with solar altitude due to a smaller atmospheric mass at higher solar altitudes, and
can be approximated as linearly proportional for the individual altitude ranges in
each of the experiments presented here – see Figure 3.30a. In the case of temper-
ature – it is linearly proportional to altitude due to the constant mass flow rate
(Figure 3.20), and hence also linearly proportional to insolation – Figure 3.30b.
The receiver losses for the 3.7º half cone have shallower trendlines than those for
total losses in the plots with respect to solar altitude, average tube temperature
and direct normal insolation, but still with a positive slope. In the same plots,
the receiver losses for the 7.5º half cone have a slightly steeper slope compared to
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the total loss curves, with the final slope being slightly negative. These changes
in slope from receiver to total system losses simply illustrate that there are further
temperature-dependent losses in the total system losses aside from the receiver loss
component. These constitute the losses from the heat exchanger as well as from the
piping between the reactor tube exit and the heat exchanger.
A detailed analysis of receiver losses for each geometry is given in Chapter 5, based
on the experimental data presented here.
(a) (b)
Figure 3.30: The relationship between direct normal insolation, solar altitude, and average
tube temperature during the experiments at optimal mass flow for each of the three
receiver configurations.
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3.4. Uncertainty Analysis
This section discusses the uncertainty associated with the experimental losses pre-
sented in the previous section. Uncertainty associated with receiver losses are the
focus of this discussion, as these losses are examined in detail in Chapter 5. Error
bars calculated with this method are displayed in Section 5.5.
Equation 3.5 described the calculation of experimental receiver losses. By examining
the uncertainty associated with each term in this equation – as outlined in Table
3.4 – error bars can be calculated for experimental receiver losses. The principal
contributors to uncertainty were the insolation qsol, the loss due to dish reflectivity
qR, the loss due to flux spillage qS, and the enthalpy at the reactor tube exits
hreceiver,out. The methods of calculating these errors along with the measurement
sources are given in Table 3.4. The dish was cleaned before experiments to give a
constant reflectivity value.
The contribution to uncertainty from the enthalpy at the receiver exit hreceiver,out
was significant as there was significant uncertainty associated with the temperature
at which this was calculated. As described in Section 3.2.2, there was no thermo-
couple available immediately at the exit of the reactor tubes, and hence the average
of temperatures 7-1 and “Solar Reactor Exit” was used. Thus the uncertainty was
half the difference in these temperatures, with this half being up to 60ºC. In con-
trast, a thermocouple was available immediately at the receiver inlet, and hence
the uncertainty associated with this measurement was insignificant in comparison.
Similarly, the error associated with the mass flow measurement was insignificant in
comparison with other uncertainties. Uncertainty in the tracking loss (qT ) has been
neglected, as the tracking loss itself was neglected from receiver loss calculations
(see Table 3.3).
As each of the errors are uncorrelated, the sum of squares equation (Equation 3.8)
was used to evaluate the total uncertainty.
Total Uncertainty
in Receiver Losses
=
√
(error in qsol)2 + (error in qR)2 + (error in qS)2 + (error in hreceiver,out)2
(3.8)
The uncertainties resulting from Equation 3.8 are plotted for each receiver loss data
point in the figures in Section 5.5.
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Value Measurement Instrument Uncertainty
Calculation
qsol
Solar radiation
incident on
dish
Direct normal
insolation
(DNI)
Eppley
Pyrheliometer
± 2%
(Wilcox and Myers,
2008)
qR
Loss due to
dish
reflectivity
Reflectivity Reflectometer
constructed at
ANU
(Paitoonsurikarn,
2006)
77.5 ± 3.6%
absolute
(Paitoonsurikarn, 2006)
qS
Loss due to
flux spillage
Average from experimental flux map
and computational ray tracing (see
details in Section 3.2.2.2 on page 57.)
(6.60 + 0.88)
2
= 3.74 ± 2.86%
absolute
hreceiver,out
Enthalpy at
the reactor
tube exits
Average
temperature
at exit of
reactor tubes
Average of
thermocouples
7-1 and “Solar
Reactor Exit”
Half the difference
between
temperatures7-1 and
“Solar Reactor Exit”
Table 3.4: Uncertainties for measurements used to calculate experimental receiver losses.
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3.5. Analysis of Reactor Tube Temperatures
In the experiments described in this chapter, there were 23 thermocouples measur-
ing reactor tube temperatures within the receiver, as shown in Figure 3.31a. These
included a temperature profile along one of the reactor tubes (tube 7), as well as
a single temperature reading for each of the other 19 tubes, from location B (ap-
proximately 20 cm) along their length. Tube numbering is given in Figure 3.31b.
The lengths A, B, C and D along tube 7 varied slightly for the three receiver con-
figurations (due to the finite length of the thermocouples), and are given in Table
3.55.
In Section 3.5.1 the relationship between the thermocouple readings at different
radial locations (different tubes) throughout the receiver is examined for the case
of the 17.5º half cone receiver. Temperature profiles along reactor tube 7 are then
analyzed for experiments with each of the three receiver geometries in Section 3.5.2.
A B C D
(a)
1
7
2
7
3
4
5
6
5
10
8
9
11 12
13
14
15
16
17
18
19
20
(b)
Figure 3.31: Thermocouple placements (a) and tube numbering (b) for the receiver/reac-
tor. Note:
(a) For clarity the receiver case and insulation have been omitted. The left-hand end
of the tubes is closest to the aperture.
(b) The front shield has been removed. At low solar altitudes (with a near-horizontal
receiver), tube 2 is the highest within the receiver.
5In the OptiCAD modelling in Chapter 2, a slightly shorter tube length (50 cm) was used. But
as the flux profiles were steady at this point, extrapolation can be used for the final 2 cm.
80
3.5. Analysis of Reactor Tube Temperatures
Length (cm) Receiver geometry17.5º half cone 7.5º half cone 3.7º half cone
A (Thermocouple 7-4) 1 1 2
B (Thermocouple 7-3) 20 19.5 19
C (Thermocouple 7-2) 36 33 35
D (Thermocouple 7-1) 51 47.5 50
Table 3.5: Thermocouple placements for tube 7, as per Figure 3.31. Total tube length is
52 cm (minus welds).
3.5.1. Spatial Analysis of Tube Temperatures for the 17.5º
Receiver
In the experiments, temperature varied both along the length of the reactor tube,
and from tube to tube at different radial locations in the cavity. The variation
due to different radial locations within the receiver is caused by different receiver
inclinations (which are due to different solar altittudes) and different volumes of
hotter air trapped in the resulting stagnation zone. The purpose of this section is
to examine the relationship between thermocouple readings at different locations
throughout the receiver using the case of the 17.5º half cone receiver geometry as an
example. Amongst other outcomes, this analysis will allow the use of appropriate
temperature readings for heat loss calculations.
Figure 3.32 shows the temperature profile for reactor tube number 7 at selected
solar altitudes for an experiment with the receiver geometry with 17.5º half cone
angle. These correspond to the thermocouples at distances A (1 cm), B (20 cm), C
(36 cm) and D (51 cm) in Figure 3.31a.
Figures 3.33 to 3.37 show the spread in the temperatures for 17 of the other tubes
(thermocouples for both tubes 1 and 8 were malfunctioning) at approximately 20 cm
from the aperture (location B) for the same solar altitudes shown in Figure 3.32.
This is the radial variation of the tube temperatures in the cavity. For the lower
altitudes, the spread in temperature for tubes 2 to 20 is larger. This can be seen
clearly by comparing the plots for a solar altitude of 67.6º and 35.5º in Figure 3.33
and again in polar format in Figure 3.34. At the lower solar altitudes the spread in
radial temperatures comes about because the tubes in the top half of the polar plot
are sitting in the stagnation zone of hot trapped air, while those in the lower half of
the polar plot are exposed to convective currents. Meanwhile, looking at the polar
plot in Figure 3.34, the radial variation in temperatures at high altitudes appears
to be more random and is probably due principally to how well the thermocouple
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contacts the tube, and any variation in the distance of the thermocouple from the
aperture end.
Figure 3.32: Temperature profiles for reactor tube number 7 at selected solar altitudes for
the receiver geometry with 17.5º half cone angle, and a mass flow rate of 1.25 g/s on
10th February 2010. The distance 0 cm is closest to the receiver aperture.
Figure 3.33: Temperature ranges for tubes 2 to 20 for both solar altitudes of 67.6º (tri-
angles) and 35.5º (crosses), compared to the temperature profiles along tube 7 for the
same experimental run shown in Figure 3.32. The temperatures for tubes 2 to 20 are
plotted again in polar format in Figure 3.34.
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Figure 3.34: A polar plot of temperature for tubes 2 to 20 for both solar altitudes of 67.6º
and 35.5º from the experimental run shown in Figure 3.32 and 3.33. Thermocouples 1
and 8 were not functioning.
Figure 3.35: Temperature ranges for tubes 2 to 20 (crosses) for a solar altitude of 41.5º,
compared to the temperature profiles along tube 7 for the experimental run shown in
Figure 3.32. The temperature profile for tube 7 at a solar altitude of 67.6º is also
plotted as a reference.
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Figure 3.36: Temperature ranges for tubes 2 to 20 (crosses) for a solar altitude of 47.4º,
compared to the temperature profiles along tube 7 for the experimental run shown in
Figure 3.32. The temperature profile for tube 7 at a solar altitude of 67.6º is also
plotted as a reference.
Figure 3.37: Temperature ranges for tubes 2 to 20 (crosses) for a solar altitude of 58.4º,
compared to the temperature profiles along tube 7 for the experimental run shown in
Figure 3.32. The temperature profile for tube 7 at a solar altitude of 67.6º is also
plotted as a reference.
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Table 3.6 compares the average temperature for tubes 2 to 20 at approximately
20 cm (T2-20 label), and the temperature for tube 7 at ~20cm (7-B label). As shown
in the second last column, there is a very small difference – in all cases less than
4.6ºC – between the average for tubes 2–20 and the reading for tube 7-B, even across
the large range of altitudes in this experiment (35.5º - 67.6º). This indicates that
tube 7 is a good indicator of average temperatures for the rest of the reactor tubes.
Referring to Figure 3.31b, this is due to the average position of tube 7 in terms of
cavity height – mid-way in the receiver. For reference, tube 2 was always the highest
tube within the cavity.
In contrast, the average temperature of the four thermocouples comprising the tube 7
profile is 34ºC to 45ºC lower than the T2-20 average for tubes 2 to 20 at approximately
20 cm (refer to the last column in Table 3.6). In other words, T2-20 does not represent
an average temperature along the length of the tubes.
This information is summarised in Figure 3.38. T2-20 (crosses) represents the average
from the spread of temperatures for tubes 2 to 20. Tube 7 average (plus sign markers)
are the averages for the temperatures in the profile along tube 7.
Using the information on spatial temperatures presented above, the heat loss calcu-
lations presented in Chapter 5 all split the receiver into several temperature zones.
For example four of the temperature zones are based on four temperatures from the
reactor tube temperature profile for the “average” tube 7. This analysis has allowed
an understanding of how the receiver should be partitioned for temperatures used in
heat loss calculations. In the following section, the difference in reactor tube profiles
between the three receiver geometries is examined.
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Average
solar
altitude (º)
Thermocouple
7-B ~20 cm
(ºC)
T2-20
average for
tubes 2 to 20
(ºC)
Tube 7 profile
average (ºC)
Difference
7-B minus
T2-20 (ºC)
Difference
T2-20minus
tube 7 avg
(ºC)
35.5 529.1 530.6 485.8 -1.55 44.9
37.5 536.8 537.8 495.4 -0.99 42.4
39.5 544.1 543.9 503.1 0.20 40.8
41.5 550.2 549.0 509.7 1.20 39.3
43.4 556.6 554.2 515.8 2.37 38.4
45.3 563.1 559.5 522.0 3.54 37.6
47.4 567.7 564.2 526.8 3.55 37.4
49.3 571.7 568.1 531.0 3.59 37.1
51.2 573.7 570.3 533.1 3.40 37.2
53.1 577.1 573.5 536.3 3.57 37.2
54.9 581.3 577.6 540.3 3.68 37.3
56.6 585.5 581.6 544.6 3.90 36.9
58.4 588.3 584.4 547.9 3.91 36.5
60.1 591.0 587.0 550.7 4.01 36.3
61.6 594.1 590.0 554.1 4.14 35.9
63.0 596.7 592.4 557.1 4.29 35.3
64.4 599.3 594.8 560.0 4.43 34.8
65.6 600.0 595.7 560.7 4.30 34.9
66.7 603.2 598.7 564.2 4.55 34.5
67.6 604.4 600.0 566.1 4.42 33.9
Table 3.6: A tabulated comparison of the average temperature for tubes 2 to 20 (T2-20)
at approximately 20 cm length with the temperature for tube 7 at approximately 20 cm
length (7-B), and the average temperature for the tube 7 profile. This data is for the
same selected solar altitudes and same experimental run as in Figure 3.33.
Figure 3.38: A graphical summary of Table 3.6.
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3.5.2. Temperature Profiles Along Reactor Tubes for Three
Receiver Geometries
This section presents the temperature profiles for reactor tube 7 for each of the
three receiver geometries – the 17.5º, 7.5º and 3.7º half cones – with each receiver
geometry operated at its optimal flow rate. The temperatures measured were on the
outer wall of the reactor tubes. As shown in the proceeding section, the temperature
profiles produced from tube 7 are representative of the average for the rest of the
reactor tubes.
The primary aim of this section is to present and describe the differences and sim-
ilarities between the profiles for each receiver geometry. It should be recalled that
there are several factors contributing to the tube temperatures measured for each
geometry. These are: the level of concentrated solar flux incident on the tubes; the
heat loss from the outer surface of the tube; the energy consumed by the endother-
mic chemical reaction in the tubes; and the heat transfer from the hollow inner tube.
The contribution of these factors to the overall temperature profiles is discussed in
a qualitative fashion.
General observations are that the temperature profiles for the receiver geometries
with 17.5º and 7.5º half cone angles (Figures 3.39a to 3.39d) all fit to cubic polyno-
mial trendlines, with the lowest temperatures closest to the aperture, the maximums
at around 20 cm, and a decline in temperature towards the back of the receiver. At
higher solar altitudes the curves shift to higher temperatures.
Temperature comparisons between the 7.5º and 17.5º half cone geometries are sum-
marised in Table 3.7, and described as follows. The 7.5º half cone geometry pro-
duced higher temperatures than the 17.5º half cone for the same solar altitude and
similar flow rates – compare for example the curve for the solar altitude of 55.3º
in Figure 3.39c which is 21-63ºC higher than temperatures for the solar altitude
of 55.2º in Figure 3.39a. Figure 3.39d plots higher temperatures still for the 7.5º
geometry and a solar altitude of 55.7º, though these are achieved at a lower flow rate
than the results shown in Figure 3.39a for the 17.5º geometry. Another difference
between the temperature profiles is that the temperature increase between the start
(1 cm) and end (~50 cm) of the tubes is reduced for the 7.5º half cone compared
to the 17.5º geometry – 2ºC compared to 44ºC respectively for the 55.3º and 55.2º
solar altitudes. This is presumably because the inital tube temperature for the 7.5º
half cone is higher, due to the earlier exposure to the concentrated solar flux (Figure
2.12 on page 34). The difference between maximum and minimum is not so dissim-
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ilar – 70ºC (7.5º half cone) compared to 89ºC (17.5º half cone) – which necessitates
that the decline following the peak is much more pronounced for the 7.5º half cone.
Tube temperature profiles for an experiment on 16th March with 7.5º half cone
geometry and 0.75g/s flow rate are shown in Figure 3.39d in lieu of temperature
profiles for 11th March (as shown elsewhere in this chapter) as some tube thermo-
couples were loose on 11th March.
(a) 17.5º half cone, 1.0 g/s, 29th January 2010. (b) 17.5º half cone, 1.25 g/s, 10th February 2010.
(c) 7.5º half cone, 1.25 g/s, 16th & 26th March
2010.
(d) 7.5º half cone, 0.75 g/s, 16th March 2010.
Figure 3.39: Temperature profiles for tube 7 for the 17.5º and 7.5º half cone receiver
geometries. Selected solar altitudes are shown. The distance 0 cm is closest to the
receiver aperture. Note that the points plotted correspond to thermocouple placement
– the total length of the reactor tubes is 52 cm.
The temperature profiles for the receiver with the 3.7º half cone – Figure 3.40 –
are on the other hand approximately linear, with the highest temperatures reached
nearest the aperture. This can be explained with reference to the average flux profiles
for the reactor tubes, as shown in Figure 2.12. In the 3.7º half cone geometry,
approximated by the cylinder with radius 77mm, the reactor tubes receive the peak
concentrated solar radiation immediately from the very beginning of the reactor
tube. Therefore it is logical that the highest temperatures for this receiver geometry
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Receiver geometry
7.5º half cone 17.5º half cone
Minimum temperature at ~55º altitude, x = 1 cm (ºC) 569.0 505.7
Maximum temperature at ~55º altitude, x ≈ 20 cm (ºC) 638.9 594.9
Final tube temperature at ~55º altitude, x ≈ 50 cm (ºC) 570.9 550.0
Temperature increase from 1 cm to ~50 cm (ºC) 1.9 44.3
Temperature decrease from ~20 cm to ~50 cm (ºC) 68.0 44.9
Tmax − Tmin (ºC) 69.9 89.2
Table 3.7: Temperature comparisons for the receivers with half cone angles of 7.5º (Figure
3.39c) and 17.5º (Figure 3.39a), at solar altitudes of 55.3º and 55.2º, and flow rates of
1.25 and 1.0 g/s respectively.
(a) 3.7º half cone, 1.5 g/s, 30th April 2010. (b) 3.7º half cone, 1.5 g/s, 14th May 2010.
Figure 3.40: Temperature profiles for tube 7 for the 3.7º half cone receiver. Selected solar
altitudes are shown. The distance 0 cm is closest to the receiver aperture.
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are near the aperture.
In contrast, again with reference to Figure 2.12, the reactor tubes for the 7.5º and
17.5º half cone receiver geometries are not exposed to the concentrated solar radi-
ation until a few, or several centimetres along the tube respectively. And still then
it is several centimetres more before the peak flux arrives. These solar flux profiles
explain why the temperature profiles for the 7.5º and 17.5º geometries begin at a
minimum temperature at 0 cm, and rise slowly to a maximum temperature between
15 and 20 cm. The difference in flux profiles for these two geometries compared to
the 3.7º half cone geometry also explains why the 3.7º half cone geometry has higher
initial temperatures – compare the temperatures at 1 cm for each geometry given in
Table 3.8.
Notwithstanding this discussion, the 7.5º half cone receiver has higher outlet tem-
peratures than the 3.7º half cone, and this presumably contributes to the higher
heat exchanger effectiveness from this receiver configuration, which results in the
solar-to-chemical efficiencies for the 7.5º half cone receiver surpassing those for the
3.7º half cone.
Receiver geometry
(half cone angle)
17.5º 7.5º 3.7º
Temperature at 35-37º altitude, x = 1 cm 421ºC 525ºC 589ºC
Table 3.8: Reactor tube temperatures at 1 cm for the three receiver geometries for a solar
altitude of 35-37º. Taken from Figures 3.39b, 3.39c, and 3.40a.
In addition to indicating heat transfer processes at the outer tube wall, the reactor
tube temperature profile also indicates what is occurring thermochemically with the
dissociation of ammonia within the reactor tube. For example, the drop in tem-
perature after 20 cm in Figures 3.39a to 3.39d indicates that here the endothermic
reaction is dominating the temperature profile. Otherwise you would expect the tube
temperature to continue rising towards the rear of the receiver as here the tubes are
less exposed to radiation and convection losses through the aperture. While the
concentrated solar flux profile also drops slowly after this point for both the 7.5º
and 17.5º geometry, the flux input is still significant. The much steeper decline in
temperatures after 20 cm for the 7.5º half cone (a drop of 68ºC for 55.3º altitude in
Figure 3.39c) compared to the 17.5º half cone (a drop of 45ºC for 55.2º altitude in
Figure 3.39a) is also a thermochemical marker. This indicates that the endother-
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mic dissociation reaction is occurring at a higher rate for the 7.5º half cone than
the 17.5º geometry – which is confirmed by the higher efficiencies (Figure 3.19) and
dissociation rates (Figure 3.20) for the 7.5º geometry.
3.6. Summary of Experimental Results
This chapter has presented an experimental evaluation of three ammonia receiver
geometries with a 9m2 dish concentrator. The experiments involved varying the
geometric arrangement – specifically varying the cone angle – of reactor tubes in
a thermochemical reactor built from a series of tubes arranged in a conical shape
inside a cavity receiver. The conical arrangement was found to affect the efficiency
of energy conversion. The efficiency gain in these particular experiments was up
to 6.4% absolute for the solar-to-chemical efficiency6, and up to 7.0% gain absolute
in receiver efficiency. From this it is apparent that geometric optimizations are
worth pursuing since such efficiency gains are achieved with no increase in costs of
manufacture for receivers.
In addition to observing that efficiency can be improved by varying the cone angle
of the reactor tubes, the series of experiments reported in this chapter have provided
substantial data on receiver losses, total system losses, and the temperature distri-
butions in each receiver geometry at the time of these losses. This provides a bank
of experimental data for each of the three receiver geometries with which to verify
energy balances and heat transfer calculations, as presented in the following chap-
ters. The next chapter describes existing computational receiver/reactor models for
the ammonia system, and compares the experimental receiver efficiencies reported
in this chapter with simulated results.
6Note that in Dunn et al. (2012c) a gain of up to 7% in solar-to-chemical efficiency was reported.
This referred to the difference between individual data points at a given solar altitude, rather
than between the linear fits to the data.
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Receiver/Reactor Models
This chapter describes two computational models for ammonia receiver/reactors,
developed by Lovegrove and Paitoonsurikarn respectively. If an existing receiver/re-
actor model could be shown to match the experimental efficiency and loss results
for the different receiver configurations in Chapter 3, then it could also be used to
understand and improve receiver performance, and apply this to other dish concen-
trators such as the 489m2 dish.
The first model – a computational model for the chemical reaction in the reactor
tubes – was developed by Lovegrove (1992c, 1992b). This model required boundary
conditions on the tube wall as input. The second model by Paitoonsurikarn (2006)
revised Lovegrove’s model to include a heat loss energy balance for the receiver to
allow simulation of the reaction extents at steady state given only the concentrated
solar flux profile on the receiver tubes and the inlet ammonia temperature as inputs.
In this section, the theory behind the computational receiver/reactor models is de-
scribed; simulated results are compared to experiments with the full 20m2 dish
and masked 9m2 dish; and the short-comings of Paitoonsurikarn’s computational
model with respect to other concentrated solar flux profiles, including those from
the masked 9m2 dish, are discussed.
4.1. Reaction Methodology from Lovegrove
The computational chemical reaction model developed by Lovegrove calculates the
reaction extent given boundary conditions for temperature or net power1 on a reac-
tor tube wall using the Temkin-Pyzhev rate law and finite difference method. This
was developed by Lovegrove (1992c, 1992b) as a stand-alone program newre5.for,
1i.e. Concentrated solar flux absorbed, plus re-emitted energy absorbed; minus radiation, con-
vection and conduction losses at the tube surface.
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based on code by Paripatyadar of the University of Houston for the steam reforming
of methane (Richardson et al., 1988). The newre5 code is a two-dimensional, steady
state, pseudo-homogeneous model for the reactor tubes. Pseudo-homogeneous means
that the catalyst bed is treated as a continuum, and that conditions at each point
are local averages.
In this section the methods used in the code for calculating the intrinsic reaction
rate, temperature and reaction extent for the ammonia reactor tubes are described.
This functions equally for the dissociation and synthesis reactions. Finally, the
algorithm for the newre5 code is presented.
4.1.1. Intrinsic Reaction Rate
The reaction for the reversible dissociation of ammonia was described in Equation
1.1, and is repeated here in Equation 4.1.
2NH3 + ∆H
catalyst

 N2 + 3H2 (4.1)
Considering the dissociation reaction2 – as the ammonia travels through the catalyst
bed inside the reactor tubes, several processes occur which control the overall rate
of the reaction:
• Mass transfer of ammonia to the catalyst particle surface.
• Diffusion of the ammonia into pores in the catalyst particle.
• The intrinsic reaction, which consists of:
– Chemical adsorption of reactants onto the catalyst surface (breaking
chemical bonds and forming reactive species).
– Reaction on the catalyst surface.
– Desorption of products from the catalyst surface.
• Diffusion of the nitrogen and hydrogen products out of the catalyst pores.
• Mass transfer of the products away from the catalyst particle.
The intrinsic reaction rate, R, is needed to compute the equations for the conserva-
tion of energy and mass. In the case of the ammonia reaction, the rate-determining
2The reverse synthesis reaction will also be occurring simultaneously, though at a slower rate.
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(slowest) step in the intrinsic reaction is the chemical adsorption of nitrogen onto
the catalyst surface, as per Equation 4.2. This involves breaking a triple bond in
the N2 molecule.
N2 
 2Nad (4.2)
Based on this rate-determining step, the intrinsic reaction rate can be expressed
according to the Temkin-Pyzhev method (Temkin and Pyzhev, 1940):
R = k0e−
Ea
kT
K−1p pN2
(
p3H2
p2NH3
)α
−
(
p2NH3
p3H2
)1−α (4.3)
Here k0 is the pre-exponential rate constant, Ea is the activation energy in kJ/mol, k
is Boltzmann’s constant, T is the temperature in K, Kp is the equilibrium constant,
px is the partial pressure of species x in Pa, and the exponent α has a typical value
of 0.5.
4.1.2. Temperature and Reaction Extent Using the
Conservation of Energy and Mass
Now that a method for calculating the intrinsic rate of reaction has been defined,
two simultaneous equations are needed that can be solved to find temperature (T )
and reaction extent (δ). For this purpose, the equations for the conservation of
energy and conservation of mass respectively can be used. These two equations can
be simplified by assuming that:
• Longitudinal flow dominates longitudinal diffusion.
• Viscous forces and pressure drops are insignificant.
• Average velocity and density (per cross section) are constant.
This leads to a simplified equation for the conservation of energy, given in Equation
4.4, from which the temperature (T ) can be deduced. It is important to be able
to deduce temperature changes due to the reaction, as the dissociation reaction is
endothermic and the synthesis reaction is exothermic, as shown in Equation 4.1.
Therefore during the dissociation reaction, changes due solely to the reaction will
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cause a temperature decrease; while the temperature will increase for the synthesis
reaction.
ρvcp
m
∂T
∂z
−Keff
(
∂2T
∂r2
+ 1
r
∂T
∂r
)
−R∆H = 0 (4.4)
Here ρ is the density in kg/m3; v is the average longitudinal velocity in m/s; cp is
the local value of specific heat at constant pressure in J/(kg.K); m is the average
molar mass in kg/kmol; T is the temperature in K; z is the axial distance along the
reactor tube in m; r is the radial distance from the centre of the reactor tube in m;
R is the intrinsic rate of reaction3, as determined in Equation 4.3, and ∆H is the
enthalpy of the intrinsic reaction.
Similarly, a simplified equation for the conservation of mass is given by Equation
4.5, and from this, the reaction extent (δ) can be deduced.
∂δ
∂z
− dp
NPE
(
∂2δ
∂r2
+ 1
r
∂δ
∂r
)
− R
C0v
= 0 (4.5)
In addition to the terms described for Equation 4.4, we also have reaction extent
δ; the particle diameter dp in m; the Peclet number NPE ≡ dpvDeff , which is used to
parameterise turbulent diffusion processes; and the initial concentration of ammonia
C0 in mol/m3.
Thus using Equations 4.3, 4.4, and 4.5, the reaction characteristics can be computed
in the newre5 code. The implementation of this as an algorithm is shown next.
4.1.3. Newre5 Reactor Algorithm
Figure 4.1 shows the method by which Equations 4.3, 4.4, and 4.5 are implemented
within subroutines of the newre5 FORTRAN 77 code. Equations 4.4 and 4.5 are
used to calculate ∂T
∂z
and ∂δ
∂z
in subroutines DTDZ and DCDZ respectively, while
Equation 4.3 is used in subroutine RATE within both of these subroutines. Addi-
tional calculations relate to heat transfer within the catalyst bed (as opposed to on
the tube surface), and also to the finite element implementation of the model – at
3Note that in the newre5.for code, the intrinsic reaction rates are corrected for diffusion within
the catalyst.
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each stage calculating properties at an axial position of z+dz. This algorithm is also
the newre5 “core routine” featured in Figure 4.4.
4.2. Heat Transfer Methodology from
Paitoonsurikarn
Paitoonsurikarn (2006) developed a heat transfer computation for the exterior of
the reactor tubes that was used as a “wrapper” around the newre5 reaction model
code. Together the external heat transfer model and the reaction model formed the
FORTRAN 77 code newre7.for. This model should allow simulation of the reaction
extents at steady state given only the concentrated solar flux profile on the receiver
tubes and the inlet ammonia temperature as inputs. The overarching algorithm for
this is shown in Figure 4.4.
The individual reactor tubes from which the receiver is constructed are shown in
detail in Figure 4.2 – this is a repeat of Figure 1.7. Here we see that the individual
reactor tubes consist of an outer annulus containing the catalyst bed – in which the
dissociation reaction takes place – and a hollow inner tube. The inner tube allows
heat transfer from the exiting product gases to the incoming reactants, in addition
to the heat transfer from the solar flux on the outer tube wall. Thus for the heat
transfer code there are two flux profiles that need to be calculated iteratively: the
flux profiles on the outer and inner surfaces of the annular tube. Figure 4.3 shows
the annular control volume used in the newre7 code for the energy balance on a very
small section of the reactor tube, as given in Equation 4.6.
H2 −H1 = q˙outer wall + q˙inner wall (4.6)
HereH2 andH1 are respectively the enthalpy of the reaction mix exiting and entering
this small section of reactor tube in kJ/kg/s; q˙outer wall and q˙inner wall are the net heat
fluxes (in kW) on the outer and inner walls of the annular section respectively.
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Read in input data (using subroutine DATAINPUT).
Calculate conditions at z=0.
For each radial position (from centre of tube outwards) within the catalyst bed, use 
the known conditions at z to determine the: 
 Properties of the gas mix (subroutine PROCAL). 
 Effective conductivity of the bed (Keff , using the subroutine HEAT). 
 Derivatives of temperature and conversion (reaction extent) with respect to z 
(subroutines DTDZ and DCDZ). 
 Pressure (subroutine PRESUR). 
Choose a value for dz which keeps the maximum percentage 
change in temperature or conversion less than CHMAX. 
For each radial position, use the derivative values to extrapolate to 
new values of temperature and conversion at z+dz. 
For the inner and outer surfaces of the catalyst bed:
 Use conditions at z to evaluate the gas mixture properties and the overall heat 
transfer coefficients of the walls (subroutines PROCAL and HEAT). 
 Determine the outer temperature of the walls at z+dz (subroutine T2ND). 
 Use the wall boundary conditions to determine the conditions at the bed surface at 
z+dz.  
For each radial position, use conditions at z+dz to:
 Calculate the mole fractions of the components and the enthalpy of the reaction 
(subroutine NEWMFR). 
 Calculate the extrinsic reaction rate (subroutine RATER). 
 Calculate the average properties across a whole radial section (subroutine AVDATA). 
Calculate the heat flux across the inner (if the tube is hollow) and outer surfaces of the 
bed based on the temperature difference between the surface of the bed and the outer 
surface of the walls at z+dz. Add the net heat flows associated with this axial step to 
summations of total heat flow. 
Is it time for 
progressive output? 
Is z == reactor length?
Set z = z + dz.
Provide progressive output to 
summary datafile and transfer 
variables values to output 
arrays. 
Write output data to output files. END 
yes
yes
no
no 
Figure 4.1: A flowchart for the chemical reaction code – newre5.for. (Adapted from Love-
grove (1992c).)
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(a) A photo of an individual reactor tube, identical to those connected to the manifold in Figure 1.6.

(b) A cross-section of a reactor tube showing the catalyst bed in the outer annulus and the hollow
inner tube. (Image from Paitoonsurikarn (2006).)
Figure 4.2: Reactor tube construction.
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Figure 4.3: Annular control volume for the energy balance in the newre7 code.
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Incident solar radiation 
Input parameters 
Determine radiation, 
conduction and convection 
transfers at outer wall
Have reaction results 
converged? 
Reaction extent – 
NEWRE5 core routine 
from Lovegrove  !"##$% &'(( 
Determine flux at 
the inner wall, 
Yes 
End 
No 
Calculate the flux at the 
outer wall,   !)*+$% &'(( 
Loop 1 
Loop 2 
Figure 4.4: A flow chart for the newre7.for code, encompassing both external heat transfer
and the chemical reaction.
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Paitoonsurikarn (2006) broke down the term q˙outer wall into the following components:
q˙∗”t,in The net solar-wavelength radiation incident on the tube surface
for incremental distances along the reactor tubes. Determined by
OptiCAD raytracing as per Section 2.2.
fl Loss fraction – an empirically derived term accounting for both
conduction losses through the cavity walls, and convection losses
from the inside cavity walls to air inside the receiver (as opposed
to convection losses from the tubes out of the cavity).
q”t,LW The net exchange of long wave radiation between the cavity walls
and the reactor tubes. In Section 5.2.2, the author calculates this
by calculating separate view factors for the reactor tubes and
cavity walls. However, Paitoonsurikarn (2006) did not calculate
separate view factors for the tubes and walls, and hence
compensated by calculating q”t,LW as outlined in Appendix E.1,
and summarized below.
The long wave radiation is calculated as if there are no conduction
or convection losses from the cavity walls. Therefore the (1− fl)
term is included in Equation 4.7 to account for these losses.
q˙”t,e(2) Radiative emission (loss) from the reactor tubes out of the cavity
aperture – indicated by subscript (2).
q˙”t,conv(2) Convection losses from the reactor tube out of the cavity aperture
– indicated by subscript (2).
Equation 4.6 is repeated below substituting Paitoonsurikarn’s nomenclature for
the break-down of q˙outer wall, as it appears in Paitoonsurikarn (2006) for reference.
This nomenclature also represents the break-down by which Paitoonsurikarn (2006)
calculated the energy balance in the newre7 computational receiver model.
H2 −H1 =
[
q˙∗”t,in + (1− fl) q˙”t,LW − q˙”t,e(2) − q˙”t,conv(2)
]
+ q˙inner wall (4.7)
Each term was calculated as follows. The change in enthalpy of the product/reactant
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mix on the left hand side of Equation 4.6, H2 −H1, is determined in the code for
the reaction simulation, as described in Section 4.1.
The inner flux profile q˙inner wall – loop #1 in Figure 4.4 – is determined by the heat
transfer from the inner tube to the surrounding annular tube, in a finite element
analysis similar to that for a heat-exchanger. Details are given in Paitoonsurikarn
(2006).
The calculation of the outer flux profile – loop #2 in Figure 4.4, and the square
bracketed term in Equation 4.7 – is determined as outlined below:
• The concentrated solar flux incident on the reactor tubes
(
q˙∗”t,in
)
is calculated
for each receiver geometry using OptiCAD modelling, in the manner detailed
in Section 2.2.2. This is provided as a tabular input to the newre7 simulation
– see Appendix F for an example input file provided electronically.
• The long wave radiation incident on the reactor tubes
(
q˙”t,LW
)
, would generally
be calculated using separate view factors for the reactor tubes and cavity walls,
as the author has done in Section 5.2.2. However, Paitoonsurikarn (2006)
did not calculate separate view factors for the tubes and walls. Instead he
calculated q˙”t,LW using OptiCAD ray-tracing at solar wavelength for both cavity
walls with 100% diffuse reflectivity, and walls with 60% reflectivity (emissivity
of 0.4), and taking the difference between the two flux profiles. This is detailed
in Appendix E.1, both giving a summary of Paitoonsurikarns’ results for the
full-aperture 20m2 dish, and with the author’s equivalent calculation for the
masked 9m2 dish.
• The empirical expression fl accounts for both conduction losses, and convection
from the internal walls of the receiver to the air within the receiver. The
method used by Paitoonsurikarn (2006) to obtain this is explained in Appendix
E.2.
• Losses from radiation
(
q˙”t,e(2)
)
were calculated in the code using a 7-node radi-
ation network, and view-factors for a simple seven-surface frustum. The view
factors, geometry, and calculations for this are described in Section 5.2.1.
• Natural convection losses
(
q˙”t,conv(2)
)
were calculated in the code by interpo-
lating within tabulated results from computational fluid dynamics modelling
(CFD) performed by Paitoonsurikarn. These results are described in Section
5.4.1.
See Appendix F for details of how this energy balance is coded into the FORTRAN
77 source code for newre7.
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4.3. Comparison of Paitoonsurikarn’s Model to
Experiments
4.3.1. Comparison by Paitoonsurikarn for Experiments with the
20m2 Dish
After creating the newre7 computational model, Paitoonsurikarn (2006) made a
limited comparison of simulation and experimental results for the 20m2 dish con-
centrator with the original 17.5º half cone receiver. These results are shown in
Figure 4.5, with solar-to-chemical efficiencies plotted for varying mass flow rates.
The few experimental data points plotted here suggest that the magnitude of the
solar-to-chemical efficiencies predicted by the newre7 model are correct to within a
few percent absolute. However, the newre7 model underestimates the optimal mass
flow rate. From the simulation results, we would expect an optimum mass flow rate
in the range of 1.8 to 2.2 g/s for solar altitudes between 30º and 60º – while from
the few experimental data points, it appears to be around 2.35 g/s. Paitoonsurikarn
postulated that the difference in peak mass flow rates obtained by simulation and
experiment could be explained in part by the simplifications used to calculate the
loss fraction and the inlet temperature of the reactant for the newre7 model. As
described in Appendix E.2, the loss fraction (fl, Equation E.5) is calculated as a
function of the cavity inclination only, when the true physical value is dependent
on receiver/reactor temperatures as well. Similarly, Paitoonsurikarn determined the
reactor inlet temperature for the simulations as a function of insolation only, when
the true physical value is also dependent on mass flow and receiver inclination.
4.3.2. Comparison by Dunn for Experiments with the 20m2 Dish
In addition to the experiments conducted with the masked 9m2 dish, as described in
Chapter 3, dissociation experiments were also carried out by the author with the full
20m2 dish concentrator and the original 17.5º half cone receiver. These results were
compared to newre7 simulation predictions for the same conditions, with results
shown in Figure 4.6. With the experimental and computational results combined,
this data set served as a control to verify that the experimental dish and receiver
still produced results commensurate with those obtained by Paitoonsurikarn (2006).
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Figure 4.5: Paitoonsurikarn’s (2006) comparison of solar-to-chemical efficiencies from sim-
ulation results from the newre7 model, and experimental results for the 20m2 unmasked
dish and 17.5º half cone receiver obtained for conditions of 15MPa and 900W/m2.
In the experiment shown in Figure 4.6, the dissociation efficiencies obtained were up
to 6% absolute lower in efficiency than those predicted by the model. Although this
represents a limited data set, it would appear from the comparisons presented by
both Paitoonsurikarn and the author that reasonable agreement could be expected
between simulations performed with newre7 and experiments with the full 20m2
dish concentrator.
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Figure 4.6: Dissociation efficiencies – solar-to-chemical (a), and receiver efficiencies (b) –
for experiments and newre7 simluations with the 20m2 unmasked dish performed by the
author on 15-16th January 2009 with a solar altitude of 75º, insolation of 1010W/m2,
system pressure of 10MPa, and average wind speed of 2.8m/s.
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4.3.3. Comparison by Dunn for Experiments with the 9m2 Dish
As detailed in Chapter 3, a series of dissociation experiments were carried out with
the 9m2 dish and three receiver configurations – the original 17.5º half cone, a 7.5º
half cone, and a 3.7º half cone (with a 77mm radius base). These represent as closely
as possible three of the receiver configurations that were optically modelled with the
9m2 dish in Section 2.2. An excerpt of the results is presented in Figure 4.7 for
comparison with the computational results using newre7. The average reactor tube
flux profiles calculated for each receiver configuration by ray-tracing (Section 2.2,
Figure 2.12) were used in the input file for each simulation. (An example input file
for newre7.for is given in Appendix F.)
As can be seen in Figure 4.7, the efficiencies simulated by the newre7 computational
model grossly overestimate the experimental efficiencies – by 200-400%. The prin-
cipal cause of this appears to be an error in the calibration of the newre7 model.
It appears that Paitoonsurikarn (2006) calibrated the newre7 model using a reactor
tube flux profile that was approximately half the true intensity for the 20m2 dish.
This is discussed in more detail in Appendix G. The outcome of the comparison
shown in Figure 4.7 is that the newre7 computational receiver/reactor model cannot
be used to predict solar dissociation results given flux profiles for the 9m2, or any
concentrator other than the 20m2 dish. However, the following chapter (Chapter
5) develops a more faithful energy balance.
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Figure 4.7: A comparison of solar-to-chemical efficiencies for experiments with the masked
9m2 dish, and simulations using the newre7 receiver/reactor computational model. All
results are for the optimal mass flow rate for the 9m2 dish and given receiver geometry
– 2 g/s for the simulations, and as marked for the experiments. The average pressure
was 11.5MPa.
4.4. Summary of Existing Thermochemical Models
This chapter described two computational models for the ammonia receiver/reactor:
• The chemical reaction model (newre5.for) for ammonia dissociation and syn-
thesis in the reactor tubes; and
• An extension to this which added an energy balance for the receiver to produce
a receiver/reactor model (newre7.for).
Paitoonsurikarn’s (2006) newre7 receiver/reactor model was shown to match experi-
mental receiver efficiencies for the unmasked 20m2 dish to within 6% absolute. Using
the reactor tube flux profiles for the 9m2 dish expected efficiencies were produced for
three receiver geometries with the newre7 receiver/reactor model. Comparison with
the experimental results (from Chapter 3) for all three receivers however showed a
gross disagreement – simulated reaction extents were 2-4 times those achieved exper-
imentally. This is principally due to an error in the calibration of Paitoonsurikarn’s
newre7 model, as discussed in Appendix G. Thus flux profiles from any concentra-
tor other than the 20m2 dish – not only the 9m2 dish, but also the 489m2 dish –
could not be used as input to Paitoonsurikarn’s model. The core chemical reaction
model (newre5) for the reactor tubes is however reliable, and could still be used as
the basis for a future integrated heat transfer and chemical reaction receiver/reactor
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computational model.
In order to understand and improve receiver performance, a receiver energy balance
that matches experimental results is needed. This is developed in the following
chapter. Such an energy balance could be later used to develop a fully coupled
receiver/reactor computational model.
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Receivers
Section 4.3.3 showed poor agreement between thermochemical simulations with the
existing newre7 computational model and experimental results for the 9m2 dish.
Therefore this chapter proposes a new energy balance for receiver losses for each
of the three receiver configurations used in the solar dissociation experiments of
Chapter 3. The energy balance assumes that the system was at pseudo steady
state, as per the procedure in Section 3.1.4, and experiments in the optimum flow
rate range were examined for each receiver geometry.
As per Section 3.3, the energy balance for receiver losses is given by Equation
5.1. The sum of the radiation (qradiation), conduction (qconduction) and convection
losses (qconvection) from the receiver is equal to the concentrated solar energy en-
tering the receiver (qreceiver,in) minus the enthalpy gained by the product/reactant
mix, m˙ (hreceiver,out − hreceiver,in). The concentrated solar energy entering the re-
ceiver (qreceiver,in) is calculated by subtracting losses due to dish reflectivity (qR),
flux spillage (qS), and tracking error (qT ) from the solar radiation incident on the
dish (qsol).
Lossreceiver = qreceiver,in − m˙ (hreceiver,out − hreceiver,in)
qradiation + qconduction + qconvection = qsol − (qR + qS + qT )− m˙ (hreceiver,out − hreceiver,in)
(5.1)
The right-hand side of this equation involves a simple look-up of enthalpies for the
experimental conditions at each data point, based on mass flow rate, reaction extent,
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temperature, and pressure.1 These experimental receiver loss values were calculated
in Section 3.3. On the other hand, the radiation, conduction and convection losses
must be calculated using heat transfer theory. These heat loss calculations for each
of the three receiver geometries are the subject of Sections 5.2 (Radiation Losses),
5.3 (Conduction Losses) and 5.4 (Natural Convection Losses). Temperature distri-
butions within the receiver were inferred from the experimental results.
The most detailed heat loss modelling was performed for the radiation losses, as
Paitoonsurikarn (2006) had previously performed substantial CFD analysis for nat-
ural convection losses for the cavity receiver; and with respect to conduction losses,
the geometry changes between the three receivers did not substantially affect the
cavity insulation. In contrast, the effect of geometry changes between the three
receivers on the radiation losses was unknown. The script F method was used to
calculate radiation losses for each of the receiver configurations. This is an alter-
native to the better-known network method, and is especially suited to radiation
exchange calculations in which there are many surfaces, but the geometry stays
fixed while the temperature varies. View factors were calculated using the open
source View3D software.
Once radiation, conduction and natural convection losses were calculated, their sum
was compared to the experimental receiver losses for each of the three receiver geome-
tries. The agreement between calculated and experimental losses was sufficient to
use the heat loss methodology presented in this chapter for a second purpose. Com-
bined with the experimental temperature profile characteristics for each receiver,
the heat loss methodology was used to predict receiver losses over a wider range of
cavity temperatures if the peak cavity temperature was held constant while the solar
altitude varied. This is in contrast to the experiments presented in Chapter 3 in
which the mass flow was held constant as the solar altitude varied, and hence cavity
temperatures increased approximately linearly with solar altitude. These predicted
receiver loss curves then allowed prediction of receiver losses over the course of a
year.
We begin with a discussion of the relevant cavity temperatures for the receiver energy
balances.
1Enthalpy look-ups used the “Printtab” executable (Lovegrove, 1992a).
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5.1. Temperatures for Receiver Energy Balance –
Cavity Walls
In this chapter, heat loss calculations are generally performed for detailed geometries
in which the reactor tubes are modelled distinctly from the cavity walls. While up to
23 thermocouples measured reactor tube temperatures during experiments (Section
3.5), limited data was available for cavity wall temperatures. For the 17.5º receiver
geometry, it might be reasonable to assume that the cavity walls are at the same
temperatures as the four corresponding tube segments. However, we do not know
if this is true, and certainly for the 7.5º and 3.7º receiver geometries the reactor
tubes are so far from the cavity walls that they are unlikely to be at the same
temperature. Therefore this section provides alternative estimates for the cavity
wall temperatures, to be used in the heat loss calculations in the rest of this chapter.
The appropriateness of these estimates will be evaluated in Section 5.5.
Figures 5.1 to 5.6 show examples of the estimated average frustum cavity wall
temperatures for each of the three receiver geometries, plotted alongside the reactor
tube temperatures previously shown in Section 3.5.2.2 Only one solar altitude is
shown per day for clarity, however the same method was followed to estimate frustum
wall temperatures for every altitude on a given day. Tabulated surface temperature
files for each solar altitude are given in Appendix I.
2Note that each curve is plotted with respect to distance along the reactor tube or frustum cavity
wall respectively, beginning at the end closest to the shield. Due to the difference in slant
between the reactor tubes and cavity walls (which is most marked in the 3.7º configuration),
points that appear equidistant on these separate curves do not align exactly in the physical
receiver.
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Figure 5.1: Estimated average cavity wall temperatures and reactor tube temperatures for
the 17.5º receiver on 10th February at a flow rate of 1.25 g/s, and a solar altitude of
67.6º.
Figure 5.2: Estimated average cavity wall temperatures and reactor tube temperatures for
the 17.5º receiver on 29th January at a flow rate of 1.0 g/s, and a solar altitude of 71.8º.
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Figure 5.3: Estimated average cavity wall temperatures and reactor tube temperatures for
the 7.5º receiver on 16th March at a flow rate of 0.75 g/s, and a solar altitude of 56.5º.
Figure 5.4: Estimated average cavity wall temperatures and reactor tube temperatures for
the 7.5º receiver on 16th March at a flow rate of 1.25 g/s, and a solar altitude of 55.3º.
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Figure 5.5: Estimated average cavity wall temperatures and reactor tube temperatures for
the 3.7º receiver on 30th April at a flow rate of 1.5 g/s, and a solar altitude of 39.0º.
Figure 5.6: Estimated average cavity wall temperatures and reactor tube temperatures for
the 3.7º receiver on 14th May at a flow rate of 1.5 g/s, and a solar altitude of 35.6º.
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A
B
C
Figure 5.7: The location of thermocouples measuring the temperature of insulation on the
shield or cavity wall in the ammonia receiver. Thermocouple A at the apex was denoted
“Cavity Bottom”; thermocouple B was denoted “Solar shield B”; and thermocouple C
was denoted “Cavity Front”.
The estimated frustum wall temperatures were calculated as follows. The average
wall temperature at the apex of the receiver (longest distance on the graphs, point
A in Figure 5.7) was calculated using the average of temperatures 7-D and “Solar
Reactor Exit” (see Figures 3.31 and 3.13 respectively). The reasoning for this is
described in Appendix H on page 277. The average wall temperature at the front
shield (0 cm in the graphs) used either thermocouple “Solar Shield B” which was
located at the 9 o’clock position on the aperture, or an average of thermocouples
at 12 o’clock and 6 o’clock positions on the aperture, or thermocouple 7-A3 (Figure
3.31) which in the 17.5º geometry was located very close to “Solar Shield B”.
A linear temperature profile was then established between the temperatures esti-
mated for the apex and front shield for each geometry, and this became the frustum
wall temperature estimate. Note that this estimated frustum wall profile is an aver-
age of the radial temperatures from the 12 o’clock around to the 6 o’clock position
and back, and also along the length of the cavity wall. As an example, examine
the radial temperature plots in Figures 5.8 and 5.9. While the temperatures at the
solar altitude of 67.6º do not vary substantially with radial position, those at the
solar altitude of 35.5º do, because at this altitude, the thermocouples in the lower
3Note that as per Figures 5.8 and 5.9, reactor tube 7 and hence thermocouple 7-A were located
at the 9 o’clock position in the cavity.
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half of the receiver (thermocouples 9-16) are within the convective rather than stag-
nant zone of the receiver. Although Figure 5.8 represents the radial variation in the
temperatures of the reactor tubes, it is reasonable to suggest that the temperatures
at the cavity walls would follow a similar radial distribution. The frustum wall esti-
mates presented in this section represent the average wall temperature. Hence the
temperature at the 9 o’clock position is used.
In the 17.5º half cone configuration, the temperatures estimated for the apex and
front shield were so similar for a given solar altitude in a given experiment that the
average of the two was used to generate a constant rather than linear temperature
profile for the cavity walls. Intuitively one would expect hotter air at the apex of the
receiver and hence a hotter wall temperature, especially at higher solar altitudes –
for example 67.6º on 10th February and 71.8º on 29th January – due to an air tem-
perature gradient in the stagnant zone. However, the endothermic reaction absorbs
energy out of the receiver tubes towards the apex of the cavity, and perhaps this is
sufficient to stop the rise in temperature here. In any case, given the temperatures
estimated for the apex and front shield, the constant temperature wall profile is a
justified starting point for the 17.5º half cone geometry. Evaluation of the estimated
frustum wall temperatures is presented in Section 5.5.
In a similar vein, one might ask why the estimated frustum wall temperatures do
not mimic the reactor tube temperature profiles. An explanation follows:
• The dips at the end of the reactor tube temperature profiles both for the
polynomial curve fits (17.5º and 7.5º geometries) and the negatively-sloped
linear fit (3.7º geometry) are due to the endothermic reaction dominating the
temperature profiles at this point. In contrast, there is no reaction taking
place at the cavity walls.
• The reactor tubes also have an internal heat exchanger (see Figure 4.2) be-
tween the catalyst bed and the exiting product gases, which further influences
the outer tube wall temperatures.
• In the 3.7º geometry, there is more direct flux exposure on the tubes than the
cavity walls.
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Figure 5.8: A polar plot of reactor tube and cavity wall temperatures for the 17.5º receiver
on 10th February at a solar altitude of 35.5º.
Figure 5.9: A polar plot of reactor tube and cavity wall temperatures for the 17.5º receiver
on 10th February at a solar altitude of 67.6º.
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5.2. Radiation Losses
5.2.1. Analytical View Factors and Radiation Network Method
The method described in this section can be used to approximate the radiation heat
losses for the 17.5º half cone receiver configuration, by approximating the receiver
cavity as a simple frustum, without individual tubes. However, this simplification is
less applicable to the 7.5º and 3.7º receiver configurations – instead computational
view factors are used for these receiver configurations in Section 5.2.2. Computa-
tional view factors are also given for the 17.5º receiver in Section 5.2.2.
5.2.1.1. Analytical View Factors
Analytical calculation of view factors necessitated the use of a simplified receiver
geometry for which an analytical solution for view factors existed – in this case, a
frustum model of the cavity receiver divided into seven sections, as shown in Figure
5.10. In this simple model, the frustum walls also represent the reactor tubes.
In reality there are sizeable gaps between the reactor tubes, and also between the
tubes and the cavity walls near the manifold, as shown in Figure 5.7. The reactor
tube/frustum walls for the simplified model are split into 4 sections – labelled 1, 2,
3 and 4 in Figure 5.10.
View factors were calculated according to the Buschman and Pittman (1961) for-
mula, given in Equation 5.2, where L1 = l1h , L2 =
l2
h
, L3 = l3h , and θ is the half
cone angle of the frustum, as illustrated in Figure 5.10c. F12 is the view factor
quantifying the fraction of thermal radiation leaving surface 1 in Figure 5.10c that
arrives at surface 2. A summary of the view factors for all seven surfaces in the
model is given in Table 5.1.
F12 =
1
2 (L3 − L2) (2− L2 − L3)

(L3 − L1)
[
(L3 − L1)2 csc2 (θ) + 4 (1− L1) (1− L3)
]1/2
− (L2 − L1)
[
(L2 − L1)2 csc2 (θ) + 4 (1− L1) (1− L2)
]1/2
−L3 [L23csc2 (θ) + 4 (1− L3)]
1/2 + L2 [L22csc2 (θ) + 4 (1− L2)]
1/2
+2L1 (L3 − L2) cos (θ) cot (θ)

(5.2)
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(a) Dimensions of the simple frustum receiver cavity used for radiation loss calculations.
(b) Division of the receiver cavity into 7 sections, with 1-4 representing the reactor tubes, 5 the
manifold, 6 the front shield and 7 the aperture.
(c) The frustum segments and lengths used to calculate view factors with 5.2.
Figure 5.10: The seven sections of the frustum cavity model used by Paitoonsurikarn
(2006) to calculate radiation losses. (Images from Paitoonsurikarn (2006).)
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i
F ik
k = 1 k = 2 k = 3 k = 4 k = 5 k = 6 k = 7
1 0.24304 0.15021 0.04997 0.00989 0.00082 0.48696 0.05912
2 0.19215 0.29550 0.15260 0.02996 0.00209 0.23961 0.08808
3 0.08869 0.21172 0.37437 0.13711 0.00811 0.13426 0.04574
4 0.02866 0.06787 0.22383 0.49951 0.08265 0.07603 0.02145
5 0.01922 0.03827 0.10684 0.66714 0 0.13485 0.03367
6 0.62277 0.23955 0.09675 0.03356 0.00737 0 0
7 0.36362 0.42350 0.15850 0.04553 0.00886 0 0
Table 5.1: Radiation view factors for the simple frustum cavity illustrated in Figure 5.10.
5.2.1.2. Radiation Network Method
Radiation losses were calculated using a 7-node radiation network, as shown in
Figure 5.11, derived from the seven cavity sections and corresponding view factors
described above. The radiation network represents the conservation of energy in
the radiation exchange between the receiver cavity and ambient. This method of
radiation analysis was established by Oppenheim (1956). The aim of the network
method is to calculate the radiosities, Ji - the total radiation leaving surface or
segment i (Holman, 2001). These are then used to determine the radiation heat
transfer qik from surface i to k, as described below. In Figure 5.11, the nodes for
the radiosities Ji of each surface are separated from the blackbody emissive powers
(Eb,i = σT 4i ) by a “surface resistance” 1−iiAi , while radiosities Ji and Jk for different
surfaces are separated by “space resistances” 1
AiFik
. Here εi and Ai are the emissivity
and the area of segment i respectively, and F ik is the view factor quantifying the
fraction of thermal radiation leaving surface i that arrives at surface k, as given in
Table 5.1. The surface resistances are necessary in the radiation network because
the cavity surfaces are grey bodies, not black bodies. The surface resistances account
for the fact that not all radiation incident on the grey body will be absorbed by the
grey body, and also for the fact that not as much radiation is emitted by a grey
body as by a black body at the same temperature. The space resistances represent
the relative ease of radiation transfer between surfaces, depending on the relevant
geometric view factor.
Radiosities (Ji) are calculated by solving the set of simultaneous equations that
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J1
J2
J3
J4
J5
J6
J7, aperture
Eb,1 
Eb,2 
Eb,3 
Eb,4 
Eb,5 
Eb,6 
1 - ε1
ε1 A1
1 - ε2
ε2 A2
1 - ε3 
ε3 A3
1 - ε4
ε4 A4
1 - ε5
ε5 A5
1 - ε6
ε6 A6
1
A5 F56
1
A4 F45
1
A6 F67
1
A5 F56
1
A1 F12
1
A2 F23
1
A3 F34
Figure 5.11: Seven node radiation network. Surfaces 1 to 7 correspond to the sections
of the frustum cavity model in Figure 5.10 (1-4 representing the reactor tubes, 5 the
manifold, 6 the front shield and 7 the aperture). The “space resistances” separating
radiosities J1 to J7 within the heptagon are not marked, but have values of 1AiFik like
those on the heptagon borders.
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describes the radiation network in Figure 5.11, as per Equation 5.3. The blackbody
emissive power of the ith surface, Eb,i, is related to the temperature of the ith surface
via the relation Eb,i = σT 4i , where σ is the Stefan-Boltzmann constant, and T is
the average temperature (in K) for the given tube segment, as determined by the
experimental temperature profiles. These temperature profiles were analysed in
Section 3.5.2. As surface 7 represents the receiver aperture, it can be approximated
as a black body at ambient temperature, and hence J7 simplifies to J7 = Eb,7 =
σT 4amb. Therefore all of the terms on the right hand side of Equation 5.3 are known,
and radiosities J1 to J6 can be found. These radiosities are in turn used to determine
the radiation heat transfer qik from segment i to k according to Equation 5.4.

1
1−ε1 − F11 −F12 −F13 −F14 −F15 −F16
−F21 11−ε2 − F22 −F23 −F24 −F25 −F26
−F31 −F32 11−ε3 − F33 −F34 −F35 −F36
−F41 −F42 −F43 11−ε4 − F44 −F45 −F46
−F51 −F52 −F53 −F54 11−ε5 − F55 −F56
−F61 −F62 −F63 −F64 −F65 11−ε6 − F66


J1
J2
J3
J4
J5
J6

=

ε1Eb,1
1−ε1 + J7F17
ε2Eb,2
1−ε2 + J7F27
ε3Eb,3
1−ε3 + J7F37
ε4Eb,4
1−ε4 + J7F47
ε5Eb,5
1−ε5 + J7F57
ε6Eb,6
1−ε6 + J7F67

(5.3)
qik = AiFik (Ji − Jk) (5.4)
5.2.2. Computational View Factors and Script F Method
In the receiver configurations with half cone angles of 7.5º and 3.7º, the reactor tubes
are substantially separated from the cavity wall insulation, as shown in Figure 3.6.
This results in a complex 3D geometry for which there is no analytical solution to the
view factors, in contrast to Equation 5.2 for view factors between frustum segments.
Therefore computational radiation view factors were evaluated for each receiver
geometry using View3D software. However these complex models necessitated many
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more surfaces – 660 for the models shown in Figure 5.18 as opposed to seven for the
model in Figure 5.10. Therefore when it came to calculating radiation losses, it was
no longer practical to solve a simultaneous equation for each surface to obtain the
radiosity J each time the surface temperatures changed as per the Network Method
described in Section 5.2.1.2. Instead an alternative to the Network Method was
used to calculate radiation losses – the Script F View Factor Method.
This section first describes the calculation of geometric view factors using View3D,
then goes on to describe the Script F View Factor Method for calculating radiation
transfers and losses. Finally, the radiation transfers and losses are presented, as
calculated using the combination of View3D and the Script F View Factor Method.
5.2.2.1. View3D Geometric View Factors
5.2.2.1.1. View3D Software
View3D is an open source program written in C++ used to compute radiation
view factors (configuration factors) for complex 3-dimensional geometries, including
obstructions (Walton and Pye, 2009)4. Complex geometries are broken down into
simple planar polygons – triangles and convex quadrilaterals. View3D uses the
“adaptive integration” computational method to compute the view factors, with
the accuracy of the integration controlled by a convergence factor (Walton, 2002).
View3D was originally developed at the US National Institute for Standards and
Technology (a subdivision of the US Department of Commerce) for use in building
energy analysis.5
In order to compute the view factor from surface 1 to 2, F1→2 or F12, at least one
surface is divided into subsurfaces. For example, N2 subsurfaces for a rectangular
surface with N edge divisions along each edge. There are then two general cases
involved in computing the view factors from surface 1 to 2: unobstructed view
factors; and obstructed view factors, for which a third surface obstructs part of the
view from surface 1 to 2. The computational algorithms for both unobstructed and
obstructed view factors are described in the following sections.
4Note that this manual is not up-to-date with the latest version of the code. Check the source
code and log file for up-to-date operation of the software.
5Changes to the View3D documentation and C++ source code have since been made by Dr
John Pye of the Australian National University, and Dr Jason DeGraw of Pennsylvania State
University.
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5.2.2.1.2. Unobstructed View Factor Algorithms
Several methods for calculating unobstructed view factors are discussed in Walton
(2002). Five of these methods are implemented in View3D:
• Double Area Integration (2AI).
• Double Line Integration (2LI).
• Single Area Integration (1AI).
• Single Line Integration (1LI).
• Adaptive Line Integration (ALI).
The Single Area Integration and Single Line Integration methods are described be-
low. Derivations are given in Walton (2002). The Double Area Integration and
Double Line Integration methods are similar to their respective single counterpart
methods, except that both surfaces 1 and 2 are broken into differential areas or line
segments, rather than only surface 1. These methods are described in full in Wal-
ton (2002). Adaptive Line Integration is a variation of the Single Line Integration
method, but using adaptive integration – described below – in lieu of integration
with a static number of edge divisions.
Single Area Integration (1AI) The method of Single Area Integration as de-
scribed in Walton (2002) is illustrated below in Figure 5.12. Surface 1 is divided
into differential areas dAj (or 4Aj in the finite computational form) for which the
view factor to surface 2 is known. Summing over surface area 1 gives:
F12 ≈
1
2piA1
N2∑
j=1
E2∑
i=1
(
c˜i · n˜i
ei
[
pi
2 − arctan
(
di
ei
)])
4Aj (5.5)
Referring to Figure 5.12: p is the point representing dAj on surface 1; a˜ and b˜ are
the vectors from p to the vertices a and b on surface 2 respectively; and n˜ is the unit
normal to surface A1. Then the following identities are defined: c˜ = a˜ × b˜, e = |c˜|,
and d = a˜ · b˜. E2 is the total number of edges for surface 2, while N represents the
number of edge divisions per edge for surface 1.
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p
a
b
~a
~
b
~c
Figure 5.12: Areas and vectors for Single Area Integration. (Adapted from Walton (2002)).
Single Line Integration (1LI) Stokes’ theorem can be used to convert the area
integral from Equation 5.5 into a line integral:
F12 =
1
2piA1
E1∑
p=1
E2∑
q=1
cos (Φpq)
 (
t˜ · cos (h) ln
(
t˜
)
+ s˜ · cos (g) ln (s˜) + u˜ · f − r˜
)
dv˜1
(5.6)
Here Φpq is the constant angle between vector elements on edges p and q, and r˜ is a
vector with the length of edge q in the opposite direction to the differential contour
vector element dv˜1. The vectors s˜, t˜ and u˜, and the angles f, g and h depend on the
location of dv˜1 on the edges of surface 1 as shown in Figure 5.13. Further details
for this method are given in Walton (2002).
Figure 5.13: Vectors and angles for Single Line Integration. (From Walton (2002)).
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Adaptive integration Adaptive integration is a method in which care is taken
to choose the appropriate number of edge divisions, N, for the numerical integration.
Too few edge divisions will give rise to an inaccurate view factor, while too many
will waste computation time. Adaptive integration computes successive view factor
values, beginning with one edge division (N = 1) and increasing the number of
divisions up to N = k, when the difference between two successive values is less
than a specified tolerance ε, as per Equation 5.7.
∣∣∣AF [k+1] − AF [k]∣∣∣ < εAmin (5.7)
Here A is the area of the surface that has been divided into subsections (A1 or A2),
while Amin refers to the minimum area out of A1 and A2. Adaptive integration
should only be used when the maximum value of k is expected to be small – i.e.
when surfaces 1 and 2 are relatively far apart.
5.2.2.1.3. Obstructed View Factor Algorithms
In View3D, obstructed view factors are computed using Single Area Integration with
Projection and adaptive integration.
Single Area Integration with Projection Single Area Integration with Projec-
tion is a variation of the Single Area Integration method. The difference is that a
“shadow” of the obstruction is projected onto the plane of surface 2, as shown in
Figure 5.14, and the view factor F12 is only computed for the unshaded section of
surface 2. As per regular Single Area Integration, the view factor F12 is calculated
using Equation 5.5, however in the summation over all the edges of surface 2
(∑E2
i=1
)
,
there are new edges that mark out only the unshaded portion of surface 2. Adaptive
integration is always employed when computing obstructed view factors in View3D.
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i = 1
i = 2
i = 3 
i = 4
i = 5
E2 = 6 
Figure 5.14: Areas and edges for Single Area Integration with Projection. The new edges
i = 5 and E2 = 6 border the shaded section of surface 2. (Adapted from Walton (2002)).
5.2.2.1.4. Example of View3D View Factors for a Simple Cavity
The View3D program requires that all surfaces specified in the input file are planar
triangles or quadrilaterals. A curved surface is approximated by several flat surfaces
in order to be modelled with View3D. Thus the view factors obtained by summing
those for the representative flat surfaces will have a small difference to the analytical
solutions for the curved surfaces they represent. However, using the View3D pro-
gram allows quite complex systems to be modelled, such as those shown in Section
5.2.2.3.1, that would not be possible with purely analytical expressions.
As an example of approximation with flat surfaces, we can compare the analytically
and computationally determined geometric view factors for the simple cavity with
four surfaces shown in Figures 5.15a and 5.15b. An analytical solution is given
by the following equations, while the computational or numerical view factors were
determined using View3D with the truncated hexagonal pyramid cavity shown in
Figure 5.15c.
Analytical Solution Referring to Figure 5.16, the view factor for the fraction
of radiation leaving disc i that arrives at disc k is given by:
Fik =
1
2

(
1 + 1 +R
2
k
R2i
)
−
(1 + 1 +R2k
R2i
)2
− 4
(
rk
ri
)21/2
 (5.8)
with Ri = ri/L and Rk = rk/L (Incropera et al., 2007). The basic rules of view
factors follow, which along with Equation 5.8 allow analytical determination of
127
5. Novel Energy Balances for Three Receivers
(a)
1
2
3 4
(b)
(c)
Figure 5.15: A simple model of the cavity receiver for basic radiation view factor calcula-
tions.
(a) A cross section of the receiver cavity used for basic radiation view factor calculations
with four surfaces. (Note that surface 4 corresponds to the receiver aperture.)
(b) The four surfaces of the frustrum cavity – a truncated cone with analytical solutions
for its view factors given in Table 5.2.
(c) The same cavity approximated as a truncated hexagonal pyramid for the View3D
computations with numerical view factors given in Table 5.3.
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Figure 5.16: Coaxial parallel discs and their characteristic lengths.
view factors for the four frustum surfaces. Firstly, the rule of reciprocity, derived
from the definition of view factors:
AiFik = AkFki (5.9)
Secondly, an expression of the conservation of energy. In an enclosure with M sur-
faces, all radiation leaving the surface i must be intercepted by one of the enclosing
surfaces.
M∑
k=1
Fik = 1 (5.10)
And thirdly, the view factor for a surface is the sum of the view factors of its parts.
That is, if surface k is divided into N parts, then
Fik =
N∑
p=1
Fik,p (5.11)
Thus, using Equations 5.8 to 5.11 geometric view factors for the four-surface frus-
tum shown in Figure 5.15b can be determined analytically, as summarised in Table
5.2.
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i
F ik
k = 1 k = 2 k = 3 k = 4
1 0.0000e00 8.3148e-1 1.3485e-1 3.3672e-2
2 1.3215e-2 6.3838e-1 2.8850e-1 5.9899e-2
3 7.3739e-3 9.9263e-1 0.0000e00 0.0000e00
4 8.8551e-3 9.9114e-1 0.0000e00 0.0000e00
Table 5.2: Analytical view factors calculated for the frustum shown in Figure 5.15b.
View3D Numerical Solution Alternatively, a numerical solution can be deter-
mined using View3D with the same cavity approximated as a truncated hexagonal
pyramid. The results for this are summarised in Table 5.3. Comparing the view
factors in Table 5.2 and Table 5.3 illustrates that View3D provides a close approxi-
mation to the analytical results. This gives us an indication that View3D view factor
calculations are reasonable. Of course the accuracy of this approximation can be
enhanced by dividing the curved surface in question into more planar surfaces, each
of smaller area. This is addressed in the following section with respect to radiation
losses.
i
F ik
k = 1 k = 2 k = 3 k = 4
1 0.0000e00 8.56489e-1 1.1551e-1 2.8043e-2
2 1.1958e-2 6.8164e-1 2.5369e-1 5.2697e-2
3 6.3160e-3 9.9361e-1 0.0000e00 0.0000e00
4 7.3750e-3 9.9263e-1 0.0000e00 0.0000e00
Table 5.3: Numerical view factors calculated for the truncated hexagonal pyramid shown
in Figure 5.15c.
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5.2.2.1.5. Radiation Loss Comparison for View3DModels with Increasing
Facet Numbers
The previous section compared geometric view factors for a frustum obtained through
both an analytical method, and computationally with View3D, with the frustum ap-
proximated by a truncated hexagonal pyramid. In this section, radiation transfers
and losses are presented for View3D models with a truncated octagonal pyramid
(Figure 5.17a), and a truncated 20-sided pyramid (Figure 5.17b); and compared
to the reference values calculated for a curved frustum with analytical view factors.
The reference seven-surface frustum is illustrated in Figure 5.10. More complex
View3D models including reactor tubes are used later in Section 5.2.2.3.1 – but
here we are demonstrating how many facets are needed to obtain a satisfactory
accuracy from the computational radiation loss method.
Each pyramid is split into four “rings” vertically which experienced different temper-
atures in the experimental cavity. Combining the radiation transfers for the facets
in each of these rings, and similarly for the facets in the manifold, front shield and
aperture respectively gives seven surfaces, for which the radiation transfers are given
in Table 5.4. Net radiation transfer to the aperture gives the radiation loss from
the cavity.
The radiation transfers and losses from the View3D models were computed via the
Script F method, which is detailed in the following Section 5.2.2.2. These are
compared to the “reference value” radiation transfers and losses computed with
analytical view factors and the network method, as per Section 5.2.1.
The 20-sided pyramid demonstrates smaller deviations from the reference value ra-
diation transfers than the octagonal pyramid, as expected from a model that ap-
proximates a curved frustum more closely. The difference for the loss through the
aperture was less than 2%, and thus this was deemed a satisfactory compromise for
the number of facets – enough for an accurate radiation transfer approximation, but
not an excessive number of facets. Once the 20 reactor tubes (each with six sides
and four vertical sections) and manifold are added as per Figure 5.18, the total
number of facets in each View3D model adds to 660.
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Net radiation transfer to (positive) or from (negative) surface (W)
Cavity
wall ring
1 near
aperture
Cavity
wall ring
2
Cavity
wall ring
3
Cavity
wall ring
4 near
manifold
Manifold Front
shield
Aperture
Temperature (K) 837.77 877.30 864.74 838.77 829.75 792.72 293.15
Emissivity 0.58 0.58 0.58 0.58 0.58 0.40 1.0
Model used Q1 Q2 Q3 Q4 Q5 Q6 Q7
Reference
values
• Curved
frustum (Fig
5.10)
• Analytical
view factors
• Radiation
network method
(Sects 5.2.1.1,
5.2.1.2)
-254.22 -627.31 -241.39 -14.51 0.41 292.48 849.65
View3D
model
• Truncated
pyramid with
octagonal base
• View3D view
factors
• Script F view
factor method
(Fig 5.17a, App
J.1.2.2, Sect
5.2.2.2.2)
-243.95 -592.51 -219.21 -7.53 1.17 295.41 766.52
Difference from reference
value (W)
+10.27 +34.80 +22.18 +6.98 +0.75 +2.93 -83.13
(-9.78%)
View3D
model
• Truncated
pyramid with
20-sided base
• View3D view
factors
• Script F view
factor method
(Fig 5.17b, App
J.1.3.2, Sect
5.2.2.2.2)
-259.26 -638.78 -244.60 -13.49 0.60 320.16 835.40
Difference from reference
value (W)
-5.04 -11.47 -3.21 +1.02 +0.19 +27.68 -14.25
(-1.71%)
Table 5.4: A comparison of net radiation transfers for three cavity models. Positive values
indicate a net radiation gain. The net radiation transfer to the aperture “surface” gives
the radiation loss from the cavity. Temperatures are from an experiment with the 17.5º
half cone receiver on 10th February, at a solar altitude of 67.6º.
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(a) (b)
Figure 5.17: View3D models of the seven surface cavity receiver with varying numbers of
facets. Input files to generate these geometries are located in Appendix J.4.
(a) The seven surface cavity modelled as a truncated octagonal pyramid. There are 56
individual “facets” in the model.
(b) The seven surface cavity modelled as a truncated pyramid with a 20-sided base.
There are 140 facets in the model.
5.2.2.2. Script F View Factor Method
5.2.2.2.1. Grey or Script F View Factors
View3D produces geometric view factors for complex geometries. Geometric view
factors are used in the network method described in Section 5.2.1 to evaluate thermal
radiation exchange between surfaces.
As an alternative to the network method, geometric view factors can be converted
into grey or Hottel’s “script F” view factors. These are used in an alternate method
of evaluating the thermal radiation exchange between surfaces described in the fol-
lowing sections.
Both the network method and the script F method are simply manifestations of the
conservation of energy during radiation exchange.
5.2.2.2.2. Script F View Factor Method
The basis of the script F method is that the radiation exchange between surfaces 1
and 2 (q12) is directly proportional to the difference of the temperatures (in K) each
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raised to the power of four.
q12 = A1F12σ
(
T 41 − T 42
)
(5.12)
Here the factor F12 (pronounced “script F − 1 − 2”) depends on the geometry
and emissivities of every surface in the system. It takes into account not only direct
radiation from surface 1 to 2, but also radiation from surface 1 that arrives at surface
2 via reflection or re-radiation from a third surface. In contrast the geometric view
factor F12 from the network method depends only on geometry, and only for surfaces
1 and 2. Due to the equality A1F12 = A2F21, Equation 5.12 can also be written as
q12 = A2F21σ (T 41 − T 42 ).
Meanwhile, in the network method, the radiation exchange between surfaces 1 and
2 is given by:
q12 = (J1 − J2)A1F12 = (J1 − J2)A2F21 (5.13)
as previously described in Equation 5.4. On one hand, the geometric view factors
F12 for the network method are relatively simple to compute. However the evaluation
of q12 requires the solution of k simultaneous equations, as per Equation 5.3, to find
J1 to Jk – which in turn depend on temperatures to the fourth power – each time
the temperature set changes. Here k is the number of grey surfaces involved in the
radiation exchange.
Therefore, if the geometry and emissivities of the problem are constant, but the tem-
perature set often changes, then it is more economical to compute a computationally-
intense set of script F view factors only once, and thereafter solve a single equation
for the radiation exchange between surfaces 1 and 2 (q12), as per Equation 5.12.
5.2.2.2.3. Evaluation of Script F View Factors
In order to evaluate the script F view factors in a system with k grey surfaces,
an analysis described by Hottel can be used (Hottel, 1954). This analysis was
implemented by the author in a Matlab function find_scriptF.m which is given in
Appendix J.3.
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Hottel’s analysis is as follows: F12 cannot depend on system temperatures. Therefore
if we can evaluate q12 in a scenario in which all surface temperatures except for
surface 1 are held at absolute zero, then F12 can be evaluated from Equation 5.12.
The significance of all surface temperatures (bar surface 1) being held at absolute
zero is that no re-radiation will occur from these surfaces – the only radiation to leave
these surfaces will be reflected, still in accordance with the geometric view factors.
This simplifies the problem significantly. One further simplification is made: the
temperature of surface 1 is set so that its black body emissive power is equal to one
– i.e. Eb,1 = σT 41 = 1.
Let the reflections away from surfaces 2, 3, ... , k be 1R2, 1R3, ... 1Rk. Here the
pre-subscript 1 serves as a reminder of the original source of the radiation – emission
from surface 1. In this scenario, these reflections are equivalent to the radiosities J2
to Jk – that is the total radiation leaving surfaces 2 to k respectively. The radiosity
for surface 1 however includes both a reflected and an emitted element:
J1 = 1R1 + 1σT 41 = 1R1 + 1 (5.14)
The reflection term exists to account for radiation that is emitted from surface 1,
reflected from other surfaces, and then re-reflected from surface 1.
At surface 2, any radiation incident on the surface – whether originating from emis-
sion from surface 1 or reflection from other surfaces – will be partially absorbed and
partially reflected in the ratio:
2
ρ2
= 21− α2 =
2
1− 2 (5.15)
where 2, ρ2, and α2 are the emissivity, reflectivity and absorptivity of surface 2
respectively. Here α2 = 2 as the surfaces in question are non-selective.
The total flux leaving surface 2 is A2 · 1R2, and since the ratio in which the inci-
dent radiation was absorbed and reflected is known, the radiation absorbed by the
surface can also be inferred: A2 · 1R2 · 21−2 . Since this asborption originates solely
from emission from surface 1 and subsequent reflections, it can be inferred that the
radiation transfer between surfaces 1 and 2 (q12) from Equation 5.12 is equal to this
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absorption. Substituting values for T 41 and T 42 into Equation 5.12 gives:
q12 = A1F12σ
(
T 41 − T 42
)
= A1F12 (1− 0) = A1F12 (5.16)
Then equating this to the radiation absorbed by the surface 2 gives:
A1F12 = A2 · 1R2 · 21− 2 (5.17)
And extending this to a general surface n:
A1F1n = An · 1Rn · n1− n (5.18)
Now the reflection values Rn need to be found by setting up simultaneous equations
for the energy balances on all k surfaces. At surface 1, energy incident on the surface
comes from itself, as well as surfaces 2, 3, ... , k. Their sum is given in the square
bracket below. The fraction (1− 1) of this will be reflected, and hence this can be
equated to A1 · 1R1:
[A1F11 (1 + 1R1) + A2F21 · 1R2 + A3F31 · 1R3 + ...+ AkFk1 · 1Rk] (1− 1) = A1·1R1
(5.19)
Similar equations can be derived for any surface n:
[A1F1n · 1R1 + A2F2n · 1R2 + ...+ AnFnn (n + 1Rn) + ...+ AkFkn · 1Rk] (1− n) = An·1Rn
(5.20)
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Collecting the k simultaneous equations of this form and rearranging gives the fol-
lowing matrix equation:

A1F11 − A11−1 A2F21 A3F31 · · · AkFk1
A1F12 A2F22 − A21−2 A3F32 · · · AkFk2
A1F13 A2F23 A3F33 − A31−3 · · · AkFk3
... ... ... . . . ...
A1F1k A2F2k A3F3k · · · AkFkk − Ak1−k


1R1
1R2
1R3
...
1Rk

=

−A1F111
−A1F121
−A1F131
...
−A1F1k1

(5.21)
This is equivalent to the following equation, due to the equality AiFik = AkFki. Note
also that in both matrices, the terms in diagonally opposite positions are equal.

A1F11 − A11−1 A1F12 A1F13 · · · A1F1k
A2F21 A2F22 − A21−2 A2F23 · · · A2F2k
A3F31 A3F32 A3F33 − A31−3 · · · A3F3k
... ... ... . . . ...
AkFk1 AkFk2 AkFk3 · · · AkFkk − Ak1−k


1R1
1R2
1R3
...
1Rk

=

−A1F111
−A1F121
−A1F131
...
−A1F1k1

(5.22)
Let this be shortened to
BR˜ = c˜ (5.23)
All of the values in Equation 5.21 are known – areas, geometric view factors and
emissivities – except for 1Rn. This can be solved using a linear algebra software
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package such as Matlab6. Alternatively, Cramer’s rule can be used to solve for these
values:
1Rn = 1
Dn
D
(5.24)
where D is the determinant of the matrix B in Equation 5.23, and 1Dn is the
determinant formed by replacing the nth column of B by the values on the right
side of Equation 5.21 (i.e. the values in c: −A1F1n1).
Finally, F1n can be found by substituting these values for 1Rn into Equation 5.18:
F1n = 1Rn
(
An
A1
)(
n
1− n
)
(5.25)
If we change the surface that is held at absolute zero to a general surface m, then
the reflection values are given by the matrix equation:

A1F11 − A11−1 A1F12 A1F13 · · · A1F1k
A2F21 A2F22 − A21−2 A2F23 · · · A2F2k
A3F31 A3F32 A3F33 − A31−3 · · · A3F3k
... ... ... . . . ...
AkFk1 AkFk2 AkFk3 · · · AkFkk − Ak1−k


mR1
mR2
mR3
...
mRk

=

−AmFm1m
−AmFm2m
−AmFm3m
...
−AmFmkm

(5.26)
This gives the general solution for Fmn:
Fmn =m Rn
(
An
Am
)(
n
1− n
)
(5.27)
An equivalent linear algebra solution is given by Ishimoto and Bevans (1963).
6http://www.mathworks.com.au/products/matlab/
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5.2.2.2.4. Use of Script F View Factors in Viewht
The “grey” script F view factors are used by View3D’s auxiliary program, Viewht,
which takes a file of script F view factors for a system of k surfaces (or sub-surface
facets), and computes the radiant fluxes for a given set of temperatures in the
temperatures file (Walton and Pye, 2009). The radiant fluxes are easily computed
by executing Equation 5.12 in a loop until all surface combinations are accounted
for. The source code for Viewht is included in Appendix J.6.
5.2.2.3. Radiation Losses for Three Receiver Geometries
This section presents the specific application of View3D and the Script F View
Factor Method for the three receiver geometries used in the experiments of this
project: with 17.5º, 7.5º and 3.7º half cone angles for the reactor tubes. First the
View3D models and the method are presented, followed by the radiation transfers
and losses. The radiation losses are also presented in Section 5.5 in the context of
the total receiver losses.
5.2.2.3.1. View3D Models of Three Receiver Configurations
Figure 5.18 shows the View3D models used to compute view factors for the 17.5º,
7.5º and 3.7º half cone angle receiver geometries used in this project. Each receiver
consists of:
• Cavity walls, consisting of 20 faces, and each of these divided into 4 length-
wise.
• 20 reactor tubes, each consisting of 6 vertical faces, each divided into 4 length-
wise.
• A “cylindrical” manifold, again with 20 faces.
• Apex insulation forming the wall at the “top” of the cavity, again with 20
facets.
• The front shield and aperture at the “bottom” of the cavity, each with 20
facets. The aperture was modelled as having an emissivity of 0.999, and a
temperature equal to ambient.
This results in 660 facets in each of the three models. Thus for each of the three
receivers, there are two 660 × 660 matrices of view factors – one of geometric view
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factors, and one of grey view factors – giving six matrices in total. As it was not
practical to publish these, they are instead provided electronically (on the accom-
panying USB stick) as per the files listed in Table 5.5 and Appendix J.
The method in which these view factors were used to compute radiation heat transfer
is described in the following section.
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(a) (b)
(c)
Figure 5.18: The three receiver geometries modelled in View3D, with half cone angles
17.5º (a), 7.5º (b), and 3.7º (c). As described in Section 3.1.3, in the 3.7º geometry
four reactor tubes were kept at the 7.5º position. The cavity apertures are not visible
from this angle, but they are present similarly to the apertures in Figures 5.17a and
5.17b. Faint lines on the cavity walls and reactor tubes divide each into four sections
length-wise.
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5.2.2.3.2. Procedure
The radiation losses presented in the following two sections were obtained according
to the following procedure. Table 5.5 lists the files and functions described in the
procedure. These files are provided electronically (on the accompanying USB stick),
and are also described in Appendix J.
1. A function in C++ using vector algebra was used to create the .vs3 input
file for View3D for each of the three receiver geometries. The .vs3 input file
describes the geometry for which the view factors are to be calculated in terms
of vertices and flat surfaces, as illustrated in Figure 5.18.
2. The .vs3 input files were then used as input to View3D to produce the geo-
metric view factor files. For 660 surfaces as per the receivers in Figure 5.18,
this computation required 3-4 hours on a HP Pavilion laptop with i3 processor
for each of the three receivers.
3. In the resulting geometric view factor files, emissivity values were adjusted for
cavity temperatures on a specific day, according to the curve shown in Figure
5.19. The updated geometric view factor file was then used as input to the
Matlab function find_scriptF.m, as described in Section 5.2.2.2.3, to produce
the grey view factors. Both the geometric and grey view factor files for the
receivers pictured in Figure 5.18 consist of a 660× 660 matrix.
4. The grey view factor files were used as input to Viewht, along with temperature
data, to compute radiation transfers between surfaces in the three receivers,
as described in Section 5.2.2.2.4. The temperature files for these calculations
are given in Appendix J.4, and described in Section 5.1. Radiation transfer
to the aperture is the radiation loss from the receiver. As radiation transfers
are recorded for each of the 660 facets separately, example radiation output
files have been provided electronically, as outlined in Table 5.5, and Appendix
J.4.
The following section describes the emissivity values used in the radiation transfer
calculations.
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Receiver Geometry (Half cone angle)
17.5º 7.5º 3.7º
C++ Function 17-5deg_cavity3d.cpp 7-5deg_cavity3d.cpp 3-7deg_cavity3d.cpp
.vs3 Input File 17-5deg_manifold.vs3 7-5deg_manifold.vs3 3-7deg_manifold.vs3
Illustrated in Figure 5.18 (a) Figure 5.18 (b) Figure 5.18 (c)
Geometric View
Factors
17-5deg _geomVFs.txt 7-5deg _geomVFs.txt 3-7deg _geomVFs.txt
Grey View
Factors*
17-
5deg_greyVFs_10Feb.txt
7-
5deg_greyVFs_16Mar_
0-75gps.txt
3-
7deg_greyVFs_30Apr.txt
Temperature
Input File*
10thFeb_constant_wall_
temps–67-6.txt
16thMarch_0-
75gps_wall_temps_linear–56-
5.txt
30thApril_wall_temps_
linear–39.txt
Radiation
Output Files*
10thFeb_constant_wall_
temps–67-
6_rad_output.txt
16thMar_0-
75gps_wall_Ts_lin–56-
5_rad_output.txt
30thApril_wall_temps_
lin-
ear–39_rad_output.txt
Table 5.5: Various functions and files used to compute radiation transfers for each receiver
geometry. * File categories marked with an asterisk indicate that the file named is one
example from a set.
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Emissivity Data The emissivities for Kaowool insulation (lining the cavity walls)
and for the Inconel reactor tubes and manifold are graphed in Figures 5.19 to 5.20
over a range of temperatures. Over the applicable temperature range, the emissivity
for Kaowool is described by
Kaowool =
(
−8.095× 10−7
)
T 2 +
(
6.643× 10−4
)
T + 8.428× 10−1 (5.28)
while that for Inconel is described by
Inconel =
(
2.180× 10−7
)
T 2 −
(
2.444× 10−4
)
T + 9.100× 10−1 (5.29)
with the surface temperature T in Kelvins in both cases. The reactor tubes were
manufactured from Inconel 601, but emissivity data for this alloy was assumed to
be similar to that for Inconel 600.
Paitoonsurikarn (2006) used constant emissivity values of 0.4 for Kaowool, 0.8 for
Inconel, and 0.58 for the frustum walls, which he regarded as a “combined” surface of
inconel tubes and Kaowool insulation. Paitoonsurikarn set the emissivity of 0.4 for
Kaowool equal to the absorptivity in the solar spectrum – however this equality only
holds at the surface temperature of the sun (5,778K). Nonetheless, due to the fact
that all of these surfaces are within a cavity, in practice even such large deviations in
emissivity make little difference to the radiation losses through the cavity aperture,
as shown in Appendix K.
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Figure 5.19: Emissivities for Kaowool blanket (parallel-bonded) from Fletcher and
Williams (1984).
Figure 5.20: Emissivities for oxidised Inconel 600 from Special Metals Corporation (2008).
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5.2.2.3.3. Radiation Transfers Between Surfaces
Figures 5.21 to 5.23 show the net radiation transfer to (positive) or from (negative)
each of the surfaces in each of the three receiver geometries. As described in Section
5.2.2.3.1, these comprise four “ring” sections of cavity wall, and the four “ring”
sections of tubes with which these are aligned, in addition to the manifold (including
the apex insulation), the front shield and the aperture. The values for radiation
gained at the aperture (far right of graph) constitute the radiation losses from the
cavity. Although radiation transfer to the aperture is positive in these graphs, they
in fact represent a loss from the cavity, as the aperture is in reality not a surface,
but a hole. Radiation losses through the aperture are discussed in further detail in
the following section.
For the 17.5º receiver geometry, two temperature scenarios are shown. In the first,
the temperatures for the cavity walls were set to the same temperature as the reactor
tubes in the same ring. In the second, the cavity wall temperatures were set to the
constant temperature profiles outlined in Section 5.1. This second scenario in which
the cavity tubes and walls are set to distinct temperatures highlights the flexibilty
of the more detailed View3D models compared to an analytical model. Results are
shown for the experiment on 10th February – graphs for the same 17.5º receiver
experiment on 29th January were very similar.
For the 7.5º and 3.7º geometries, only one experiment and one cavity wall temper-
ature scenario is shown to give an example of the radiation transfer pattern. Linear
temperature profiles were applied to the cavity walls, again as outlined in Section
5.1. In Section 5.5 however, radiation losses through the aperture are given for both
wall temperature scenarios – wall temperatures equal to the corresponding reactor
tube segment, or a linear temperature profile.
In all graphs in which the cavity walls were set to different temperatures compared to
the reactor tubes (Figures 5.21b, 5.22 and 5.23), the pattern of radiation transfer
is the same for all three receiver geometries. The tube surfaces experience net
losses of radiation, while the cavity walls, shield and aperture, which are at lower
temperatures, all “gain” radiative energy. The manifold/apex region is close to
neutral in the radiation exchange. The amplitudes of the “peaks” and “troughs”
of radiative gains and losses is the factor that differs between the three receiver
geometries. These are most extreme for the 7.5º geometry, which experienced the
highest experimental temperatures, as shown in Figure 3.20 on page 64.
In contrast, in the scenario in which the cavity wall temperatures were set to the
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same temperature as the reactor tubes in the same ring (Figures 5.21a), both the
cavity wall sections and tube sections experience net losses of radiation. For a given
ring, the cavity walls experience larger radiation losses than the tubes. As the cavity
walls are at the same temperature as the reactor tubes in the same ring, there is no
radiation transfer between tube and wall sections in the same ring. The difference
in radiation transfers between the walls and tubes of the same ring is due to the
different geometry and surface area between the section of tubes and the walls and
the effect of this on interactions with surfaces in other rings.
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(a) Cavity walls set to the same temperature as reactor tubes.
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(b) Cavity walls set to the constant temperature profile outlined in Section 5.1.
Figure 5.21: Radiation transfers to (positive) or from (negative) each surface within the
receiver for experiments with the 17.5º geometry on 10th February with a flow rate of
1.25 g/s. Each coloured line represents the losses for a given solar altitude.
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Figure 5.22: Radiation transfers to (positive) or from (negative) each surface within the
receiver for experiments with the 7.5º geometry on 16th and 26th March with a flow rate
of 1.25 g/s. Each coloured line represents the losses for a given solar altitude. Cavity
walls were set to the linear temperature profile outlined in Section 5.1.
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Figure 5.23: Radiation transfers to (positive) or from (negative) each surface within the
receiver for experiments with the 3.7º geometry on 14th May with a flow rate of 1.5 g/s.
Each coloured line represents the losses for a given solar altitude. Cavity walls were set
to the linear temperature profile outlined in Section 5.1.
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5.2.2.3.4. Radiation Losses Through Aperture
In the previous section, radiation transfers for each individual surface within the
receiver were examined. This section presents the radiation losses from the re-
ceiver, which occur through the aperture. Radiation losses for all three receiver
configurations are presented in Figures 5.24 and 5.25 with respect to average tube
temperature and solar altitude respectively. As per other analyses in this project,
six experiments were investigated – two experiments for each receiver geometry in
the optimum flow rate ranges. The cavity wall temperatures used were the constant
and linear profiles estimated in Section 5.1. These losses are also shown in the
context of total receiver losses for each day in Section 5.5.
The radiation losses range from 435W to 923W. In Figure 5.24, the slope of ra-
diation losses versus temperature is shallower for the 3.7º receiver than the other
two geometries, while there is little difference in the slopes of the 17.5º and 7.5º
geometries.
In Figure 5.25, the radiation losses increase with solar altitude due to the approxi-
mately linear increase in cavity temperatures in the experiments, as shown in Figure
3.20 on page 64. The curve for the 7.5º half cone receiver on 16th March with a flow
rate of 0.75 g/s has a significantly steeper slope than for any other geometry. This
is due to the higher average tube temperatures during this experiment, as shown in
Figure 5.24. In part, these higher operating temperatures are due to the 7.5º half
cone geometry – referring back to Figure 3.20 we see that this geometry produces
the highest average tube temperatures for given solar altitudes. But another sig-
nificant factor causing the elevated temperatures is the lower flow rate. The more
important comparison, however, is to examine the radiation losses in the context
of total receiver losses and other receiver loss mechanisms (convection, conduction
etc.) for each particular experiment, and to see if the sum of the calculated losses
matches the total experimental receiver losses. This is described in Section 5.5.
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Figure 5.24: Radiation losses through the receiver aperture for each of the three receiver
geometries, with respect to the average tube temperature at 20 cm.
Figure 5.25: Radiation losses through the receiver aperture for each of the three receiver
geometries, with respect to solar altitude.
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5.3. Conduction Losses
First the method used to calculate conduction losses is presented in Section 5.3.1,
followed by the results of these calculations in Section 5.3.2.
5.3.1. Calculation Method
For the experiments in this project, there were no thermocouples located on the outer
surface of the receiver. Further, the research group did not own an infrared camera,
nor was one available. Therefore direct calculation of the conduction losses through
the cavity walls was not possible. Instead an iterative calculation was employed as
follows:
Due to the conservation of energy, at steady state (or pseudo steady state), the
heat loss by conduction is equated to that convected away from the outer surface
of the receiver. Note that this is distinct from the convection losses from the inner
cavity walls described in Section 5.4. This can be visualized by considering the
equivalent resistance network representing the thermal resistances of the insulating
walls and the convective losses from the outer surface, as shown in Figure 5.26.
As the conductive and convective resistances are in series, the heat transfer by each
process must be equal. A more complete energy balance would also include radiation
losses from the outer surface of the cavity acting in parallel with the convection
losses. A calculation including radiation losses from the outer surface is given in
Appendix M.
Conduction losses need to be calculated for three main sections of the receiver: the
frustum walls (themselves split into four segments); the front shield; and the apex
of the receiver. Unlike the radiation and convection loss calculations, the additional
reactor tube surface area does not need to be included in this calculation.
5.3.1.1. Conduction through frustum walls
As shown in Figure 5.26, the frustum walls of the receiver have an increasing thick-
ness of insulation moving away from the receiver aperture towards the manifold and
apex of the receiver. This gives rise to a frustum profile inside the receiver, and a
cylindrical profile outside. As per the calculation of radiation and convection heat
transfer losses, the frustum walls were divided into four sections for conduction loss
calculations. The inner diameters for the mid-points of each of these four sections is
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Figure 5.26: A cross-section of the receiver wall insulation with convective losses off the
outer wall (left); and an equivalent thermal resistance network (right). Image adapted
from Paitoonsurikarn (2006).
given in Table 5.6. The average insulation thickness for each section is given by the
outer diameter of the cylinder (do = 0.605m), minus the inner diameter, divided by
two.
Wall section Distance of section
mid-point from
aperture plane (m)
Inner diameter,
d i (m)
1 0.071 0.466
2 0.214 0.419
3 0.356 0.371
4 0.499 0.324
Table 5.6: Average inner diameter for the four frustum wall sections in Figure 5.26. The
midpoint distances are for the 17.5º half cone receiver. These distances increase slightly
for the 7.5º and 3.7º geometries as the cavity was lengthened from 0.57m to 0.6125m
to accommodate the longer reactor tube cone heights.
As stated above, the heat loss by conduction through the insulated receiver walls
(qcond,cyl) is equal to that convected away from the outer surface (qconv,cyl), which
gives Equation 5.30. A calculation including radiation losses from the outer surface
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is given in Appendix M.
qcond,cyl = qconv,cyl = hcyl,opido4L (Tcyl,out − Tamb) (5.30)
Here 4L is the length of one of the four sections into which the frustum/cylinder
walls are divided – 0.1425m for the 17.5º half cone, and 0.153m for the 7.5º and
3.7º geometries . Tcyl,out is the temperature on the outside of cylinder that we would
like to find, while Tamb is the ambient temperature. The convective heat transfer
coefficient, hcyl,o, is for the outer cylindrical surface of the receiver. This is calculated
using a Nusselt number correlation for natural convection from inclined cylinders
given in Equation 5.31, which was developed by Al-Arabi and Khamis (1982)7.
NuL =
hcyl,odo
kf
=
[
2.9− 2.32 (cos θ)0.8
]
(GrD)−
1/12× [GrLPr]1/4+1/12(cos θ)
1.2
(5.31)
As there is always a degree of uncertainty associated with using Nusselt number cor-
relations, due to differences between the circumstances under which the correlation
was developed and the context in which it is now applied, the thermal resistances
due to the insulation and that due to convection from the receiver exterior are com-
pared in Appendix O. Equation 5.31 is applicable for laminar flow with Grashof
and Prandtl numbers in the range 9.88 × 107 ≤ GrLPr ≤ (GrLPr)cr, and is valid
for all angles (solar altitudes) 0 ≤ θ ≤ 90º. The general calculation of Grashof,
Prandtl and Rayleigh numbers is detailed in Section 5.4.2. Note that the Grashof
number with subscript L is calculated on the basis of the cylinder length, while the
Grashof number with subscript D is caculated on the basis of the cylinder diameter.
The critical Rayleigh number (GrLPr)cr is calculated according to Equation 5.32,
and is solely a function of the cylinder inclination, or solar altitude, θ. For the case
where the Rayleigh number GrLPr exceeds the critical Rayleigh number, the flow is
turbulent, and an alternate equation must be used to calculate the Nusselt number
– again, given by Al-Arabi and Khamis (1982). However, for the experiments in
this project, the Rayleigh number GrLPr was always less than the critical Rayleigh
7It may be noted that in the original paper by Al-Arabi and Khamis, Equation 5.31 was defined
in terms of the sine function, while here the cosine function is used. This is because in this
work, θ represents the solar altitude – in other words the angle to the horizontal, while Al-Arabi
and Khamis defined the angle of inclination from the vertical.
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number.
(GrLPr)cr = 2.6× 109 + 1.1× tan (90− θ) (5.32)
As discussed above, there were no thermocouples located on the outer surface of the
receiver. Therefore the temperature on the outer surface of the receiver must be
calculated in an iterative manner. The conductive heat loss for a cylindrical wall of
insulation is given by:
qcond,cyl =
Twall,in − Tcyl,out
ln
(
do
di
)
2pikins,cyl4L
= 2pikins,cyl4L (Twall,in − Tcyl,out)
ln
(
do
di
) (5.33)
Here Twall,in is the temperature on the inner surface of the wall. di varies depending
on the section of receiver wall in question, according to Table 5.6. kins,cyl is the
thermal conductivity for the cylinder/frustum wall insulation, as discussed in Section
5.3.1.4. This should be distinguished from the thermal conductivity of air kf used
in Equation 5.31.
As the heat loss by conduction through the insulated receiver walls (qcond,cyl) is equal
to that convected away from the outer surface (qconv,cyl), we can equate Equations
5.30 and 5.33, and solve for Tcyl,out as follows:
qconv,cyl =
2pikins,cyl4L (Twall,in − Tcyl,out)
ln
(
do
di
)
Tcyl,out = Twall,in −
(qconv,cyl) ln
(
do
di
)
2pikins,cyl4L (5.34)
Equation 5.34 can be solved iteratively, by first guessing a value for Tcyl,out, which
allows qconv,cyl to be calculated according to Equation 5.30. Then Tcyl,out is calculated
using Equation 5.34. A new guess for Tcyl,out is made, and the process is repeated
until the value of Tcyl,out(n+1) is very close to Tcyl,out(n). This iterative solve was
completed using a Matlab script with the built-in function fzero8 (given in Appendix
8Mathsworks (2015). Documentation – fzero, http://www.mathworks.com.au/help/matlab/ref/fzero.html.
Accessed 5/3/2015.
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L). Alternatively a numerical method such as the Secant method could be used.9
When the correct value for Tcyl,out is obtained, the difference between Tcyl,out at
iteration (n+1) and at the preceding iteration n should be very close to zero. Thus
the function solved by fzero is
f (Tcyl,out) = Tcyl,out(n+1) − Tcyl,out(n) = 0 (5.35)
f (Tcyl,out) = Twall,in −
(qconv,cyl) ln
(
do
di
)
2pikins,cyl4L − Tcyl,out(n) (5.36)
f (Tcyl,out) = Twall,in −
hcyl,opido4L
(
Tcyl,out(n) − Tamb
)
ln
(
do
di
)
2pikins,cyl4L − Tcyl,out(n)
(5.37)
Tcyl,out is then used to calculate the conduction loss (qcond,cyl) through the section of
receiver wall in question. This process is repeated for each of the four wall sections
– i.e. for the four values of di in Table 5.6. The conduction losses are then summed
for all of the four wall sections, and added to the conduction losses through the front
shield and apex, which are described in the following sections.
5.3.1.2. Conduction through front shield
Conduction losses through the front shield are calculated using a similar method to
those through the frustum walls – that is, the heat loss by conduction is equated to
that convected away from the outer surface of the shield. A diagram of the shield
and the equivalent thermal resistance network is given in Figure 5.27.
The convection loss from the outer surface of the shield is given by:
qconv,sh = hsh,oAshield (Tsh,o − Tamb) (5.38)
Here hsh,o, Ashieldand Tsh,o are the convective heat transfer coefficient, area and
temperature for the outer shield surface respectively. The Nusselt number used to
calculate hsh,o is obtained by approximating the outer surface of the shield as an
9Fringer, OB (2002). Secant Method in Lecture 3: Solution of non-linear equations
II, http://www.stanford.edu/~fringer/teaching/numerical_methods_02/handouts/lecture3.pdf.
Accessed 5/3/2015.
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(a) (b)
Figure 5.27: A cross-section of the front shield for the conduction calculation with ex-
ternal convection (a) and the equivalent thermal resistance network (b). Image from
Paitoonsurikarn (2006).
inclined plate with annular shape. Fujii and Imura (Holman, 2001) give the following
correlation for an inclined plate with the heated surface facing downwards:
Nue = 0.56 (GrePre cos θ)
1/4 θ < 88º ; 105 < GrePre cos θ < 1011 (5.39)
As noted previously, there is always a degree of uncertainty associated with using
Nusselt number correlations, due to differences between the circumstances under
which the correlation was developed and the context in which it is now applied.
Therefore the thermal resistances due to the insulation and that due to convection
from the receiver exterior are compared in Appendix O. All of the fluid properties
except β (the coefficient of thermal expansion) in Equation 5.39 are evaluated at a
reference temperature Te defined as
Te = Tsh,o − 0.25 (Tsh,o − Tamb) (5.40)
Meanwhile, β is evaluated at a temperature of Tamb + 0.50 (Tsh,o − Tamb). The char-
acteristic length used here is the average distance a fluid particle travels in the
boundary layer, in the case of this annular shield, L = 0.286m. This and other
characteristic values for the front shield are given in Table 5.7.
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Dimension or Property Value
Characteristic shield length, L, for the
calculation of the Nusselt number in
Equation 5.39.
0.286m
Area of the inner shield surface, Ash,i 0.169m2
Thermal conductivity of the shield
insulation, ksh
Unlike the rest of the receiver (see
discussion in Section 5.3.1.4), the
insulation for the front shield was
comprised only of Kaowool insulation.
Thermal conductivity values from Figure
5.29 were used.
Average thickness of the shield insulation,
tav,sh
0.02 ± 0.01m
Table 5.7: Characteristic dimensions and properties for the calculation of conduction losses
through the front shield using Equations 5.38 to 5.46.
The expression for the conduction loss through the front shield is
qcond,sh =
Ashieldksh (Tsh,i − Tsh,o)
tav,sh
(5.41)
where the average thickness of the shield insulation is tav,sh, ksh is the thermal
conductivity of the shield insulation, and Tsh,i is the average temperature at the
inner surface of the shield.
In a similar method to that described for the frustum cavity walls in Section 5.3.1.1,
the expressions for the convection loss (Equation 5.38) from and conduction loss
(Equation 5.41) through the front shield are equated as follows to solve for Tsh,o.
As noted above, a calculation including radiation losses from the outer surface is in
given in Appendix M.
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qconv,sh = qcond,sh (5.42)
qconv,sh =
Ashieldksh (Tsh,i − Tsh,o)
tav,sh
(5.43)
Tsh,o = Tsh,i − qconv,sh · tav,sh
Ashieldksh
(5.44)
Then an iterative solution for Tsh,o is found using the Matlab function fzero. In this
case, the function solved by fzero is:
f (Tsh,o) = Tsh,o(n+1) − Tsh,o(n) = 0
f (Tsh,o) = Tsh,i −
hsh,oAshield
(
Tsh,o(n) − Tamb
)
tav,sh
Ashieldksh
− Tsh,o(n) (5.45)
f (Tsh,o) = Tsh,i −
hsh,o
(
Tsh,o(n) − Tamb
)
tav,sh
ksh
− Tsh,o(n) (5.46)
The solution for Tsh,o is then used to calculate the conduction loss through the front
shield (qcond,sh), which is added to the conduction losses through the frustum walls
and apex.
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5.3.1.3. Conduction through apex of receiver
Conduction losses through the apex of the receiver were calculated in a very similar
manner to those for the front shield. In terms of convection from the outer surface of
the receiver apex, the outer surface is a flat circular inclined plate. This inclined plate
faces upwards, unlike the front shield. However, because the flow regime remains
laminar, (as determined by the Grashof number remaining below the critical value
for inclination angles in Table 5.8), Equation 5.39 is still valid for this upward-
facing “plate” between inclinations of 15º and 75º 10. If the Grashof number were
to exceed the critical Grashof number given in Table 5.8, a seperate equation for
the turbulent flow Nusselt number would be used instead of Equation 5.39 – this is
also given by Fujii and Imura (Holman, 2001).
θ (º) Grc
15 5× 109
30 2× 109
60 108
75 106
Table 5.8: Critical Grahsof numbers(Grc) for an inclined plate with heated surface facing
upwards from Fujii and Imura Holman (2001). For a given receiver inclination or solar
altitude θ, the flow regime is laminar if the Grashof number is lower than the critical
Grashof number, and turbulent if it exceeds the critical Grashof number.
Therefore simple substitution of the apex areas, temperatures, thermal conductivity
and insulation thickness into Equations 5.38 to 5.46 may be performed. Character-
istic values for the apex are given in Table 5.9.
10The minimum and maximum solar altitude from experiments were 17.5º (14th May) and 71.8º
repectively (29th January).
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Dimension or Property Value
Characteristic apex length, L, for the
calculation of the Nusselt number in
Equation 5.39. (Inner diameter at apex.)
0.3m
Area of the inner apex surface, Aapex,i 0.071m2
Thermal conductivity of the apex
insulation, kapex
As discussed in Section 5.3.1.4, the
insulation for the receiver walls and apex
consisted of an inner layer of Kaowool,
and an outer layer of fibreglass insulation.
Thermal conductivity values from Figure
5.29 were used.
Thickness of the apex insulation, tapex 0.1m
Table 5.9: Characteristic dimensions and properties for the calculation of conduction
losses through the receiver apex using Equation 5.39 and Equations 5.47 to 5.53.
Thus:
• The convection loss from the outer surface of the apex is:
qconv,apex = hapex,oAapex (Tapex,o − Tamb) (5.47)
where hapex,o, Aapexand Tapex,o are the convective heat transfer coefficient, area and
temperature for the outer apex surface respectively. As discussed above, the convec-
tive heat transfer coefficient hapex,o is calculated from the Nusselt number defined in
Equation 5.39, with a characteristic length given in Table 5.9.
• The conduction loss through the apex is:
qcond,apex =
Aapexkapex (Tapex,i − Tapex,o)
tapex
(5.48)
Here the thickness of the apex insulation is larger than for the shield, and with
less variation – tapex = 0.1m. Therefore conduction losses through the apex are
much smaller in magnitude than those through the front shield. kapex is the thermal
conductivity of the apex insulation, while Tapex,i is the average temperature at the
inner apex surface.
Again the convection loss from the outer surface of the apex (Equation 5.47) and
the conduction loss through the apex (Equation 5.48) are equated as follows to solve
for Tapex,o. As noted above, a calculation including radiation losses from the outer
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surface is in given in Appendix M.
qconv,apex = qcond,apex (5.49)
qconv,apex =
Aapexkapex (Tapex,i − Tapex,o)
tapex
(5.50)
Tapex,o = Tapex,i − qconv,apex · tapex
Aapexkapex
(5.51)
Then an iterative solution for Tapex,o is found using the Matlab function fzero, with
the function to solve being:
f (Tapex,o) = Tapex,o(n+1) − Tapex,o(n) = 0
f (Tapex,o) = Tapex,i −
hapex,oAapex
(
Tapex,o(n) − Tamb
)
tapex
Aapexkapex
− Tapex,o(n) (5.52)
f (Tapex,o) = Tapex,i −
hapex,o
(
Tapex,o(n) − Tamb
)
tapex
kapex
− Tapex,o(n) (5.53)
Again, the solution for Tapex,o is used to calculate the conduction loss through the
apex (qcond,apex), which is added to the conduction losses through the frustum walls
and front shield.
The following section describes the insulation construction in the receiver and its
thermal conductivity.
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5.3.1.4. Thermal conductivity
Two main factors need to be taken into consideration when determining the thermal
conductivity (k) for the receiver insulation. Firstly, the thermal conductivity of
insulation increases as temperature increases (i.e. more heat is allowed through
at higher temperatures). And secondly, the assembly of the insulation – type and
packing of insulation, fittings, gaps etc. – will also influence the overall thermal
conductivity value.
The cavity insulation for the receiver used in this project consists of two layers –
Kaowool exposed to the centre of the cavity, and fibreglass blanket between the
Kaowool and the outer receiver casing, as illustrated in Figure 5.28. Thermal con-
ductivities for both Kaowool and fibreglass are plotted in Figure 5.29. Kaowool is
a mineral wool blanket manufactured from kaolin – an aluminium silicate clay11. In
practice, we would expect the effective thermal conductivity to be a little higher due
to imperfections in the insulation assembly, such as non-uniform packing, as well as
losses through fittings for reactant/product flow that penetrate the insulation.
Kohlenbach (2000) attempted to determine the effective thermal conductivity with
a cooling curve fit during early experiments with the 15 kWsol receiver/reactor in
the original 17.5º half cone geometry. However, he was unable to reliably de-couple
the conduction losses from the natural convection losses from inside the receiver
cavity – both of which are functions of (Twall,in − Tamb), where Twall,in represents
more generally the wall temperature inside the cavity for any section of the frustum
or apex or shield. Kohlenbach modelled convection losses from the receiver aper-
ture as if it were a vertical disk with constant convective heat transfer coefficient
h = 10W/m2.K – this representation is too simplistic to obtain accurate values for
convection and conduction components.
Ultimately, iterative modelling with the entire receiver energy balance presented in
this chapter would be required to determine an exact value for the the effective ther-
mal conductivity, along with exact parameters for each of the other loss mechanisms
presented in this chapter.
Section 5.3.2 presents the conduction losses calculated using the methods described
in Sections 5.3.1.1 to 5.3.1.3.
11Manufacturer’s data is available from Morgan Thermal Ceramics
http://www.morganthermalceramics.com/products/refractory-ceramic-fibre-rcf/blanket. The
density of the Kaowool blanket was 4 pounds per cubic foot.
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Figure 5.28: The receiver with two layers of insulation visible: white Kaowool blanket
ceramic insulation on the inner surface of the cavity; and brown fibreglass insulation
sandwiched between the kaowool insulation and the outer casing of the receiver. Here
the receiver is in the 7.5º half cone configuration, and is viewed from the aperture plane
with the front shield removed.
Figure 5.29: Thermal conductivity (k) values from the literature for the receiver insulation.
Data from the manufacturer of Kaowool is presented with the blue diamonds. Values
for fibreglass blanket are presented from Incropera (Incropera et al., 2007) and Holman
(2001).
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5.3.2. Conduction Results
Figures 5.30 and 5.31 show the conduction losses calculated for the experimental
conditions on each day with respect to temperature and solar altitude respectively
using the conduction loss method described in the preceding sections. Again six
experiments were investigated – two experiments for each receiver geometry in the
optimum flow rate ranges. The cavity wall temperatures used were the constant and
linear profiles estimated in Section 5.1. The conduction losses calculated here are
also shown in the context of total receiver losses for each day in Section 5.5.
The cavity insulation type and thickness was not changed from one receiver config-
uration to the next, with the exception of adding a few centimetres of extra length
to account for the longer cavity in the 7.5º and 3.7º receivers. Therefore the total
conduction losses presented – i.e. the sum for each of the segments outlined in the
method above – vary principally with the wall temperatures unique to each receiver
configuration. In Section 5.6.3, conduction losses through the front shield are shown
to have a strong dependence on solar altitude when approaching 90º. This effect is
not observed in the experimental results in Figure 5.31 due to the receiver temper-
ature being allowed to increase with the solar altitude in the experiments, as shown
in Figure 3.20. The temperature increase with solar altitude in the experiments
also accounts for the approximately linear increase in conduction losses with solar
altitude displayed in Figure 5.31.
The conduction losses are higher than the radiation losses calculated in Section
5.2.2.3.4, ranging from 637W to 1216W. Discussion of how to reduce these con-
duction losses is given in Section 5.5. In a similar fashion to the radiation losses
presented in Figure 5.25, the curve for the 7.5º half cone receiver on 16th March
with a flow rate of 0.75 g/s has a significantly steeper slope against solar altitude
(Figure 5.31) than any other geometry. Again the same reasoning applies here – the
steep slope is due to the higher average tube temperatures during this experiment.
The method used to calculate these conduction losses involved solving equations for
the conduction through the cavity walls and the convection off the outer surface of
these walls (which will be equal) to obtain the outer wall temperature, as described in
Section 5.3.1. The average outer wall temperatures computed are shown in Figure
5.32 along with their corresponding inner wall temperatures. These inner wall
temperatures are for frustum section-2, which was consistently only a few degrees
off the area-weighted average temperature. These are then broken down into outer
wall temperatures and losses per segment for an example data point from 26th
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March with a mid-range inner wall temperature (470.5ºC for frustum-2), and mid-
range solar altitude (43.9º) in Figure 5.33. The convective heat transfer coefficient
for each of these segments is also shown in Figure 5.34. Conduction losses through
the front shield were calculated as the highest of any segment – as shown in Figure
5.33a – due to the thin average insulation layer of only 2 cm.
Figure 5.30: Conduction losses for each receiver configuration, with respect to the inner
wall temperature for frustum section-2.
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Figure 5.31: Conduction losses for each receiver configuration, with respect to solar alti-
tude.
Figure 5.32: Inner and outer wall temperatures at frustum section-2 for each receiver
configuration.
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(a) (b)
Figure 5.33: Conduction losses (a) and outer wall temperatures (b) for each section of
the receiver insulation for a data point from 26th March with a mid-range inner wall
temperature (470.5ºC for frustum-2), and mid-range solar altitude (43.9º).
Figure 5.34: External convective heat transfer coefficients for each receiver section for
a data point from 26th March with a mid-range inner wall temperature (470.5ºC for
frustum-2), and mid-range solar altitude (43.9º).
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5.4. Convection Losses
“Natural” or “free” convection is the phenomenon by which density differences in
a fluid give rise to buoyant forces, causing circulation of the fluid and transfer of
heat via the bulk motion of this fluid. This is in contrast to forced convection in
which heat transfer is caused by an externally driven flow of fluid – for example that
caused by wind.
Forced convection losses have been omitted from the energy balance due to low
wind speeds recorded during experiments in the optimal mass flow ranges – all
“freestream” measurements were less than 2.8m/s. This is expected to be reduced
at the receiver aperture due to shielding from the dish, as predicted by Fluent CFD
modeling by Paitoonsurikarn (2006) and Paitoonsurikarn and Lovegrove (2006).
For reference the reader may refer to publications by Paitoonsurikarn (2006), Tau-
moefolau (2004), Clausing (1981, 1983), Siebers and Krabel (1984), Ma (1993), and
Prakash et al. (2009) on the subject of forced convection losses from cavity receivers.
There is considerable variation in the correlations; a summary is presented by Wu et
al. (2010). Moreover, as demonstrated by Paitoonsurikarn (2006) and Taumoefolau
(2004), forced convection losses vary greatly depending on the “angle of attack” of
the wind to the receiver aperture, even to the point where natural convection can
dominate, or even be reduced. Neither information on the exact wind speed at the
receiver aperture (rather than the freestream speed), nor the “angle of attack” of the
wind at the receiver was available from the experiments in this project. Therefore a
detailed investigation of forced convection losses, or the combination of forced and
free convection is beyond the scope of this project.
Thus focusing on natural convection losses, two broad categories of calculation meth-
ods were used:
1. Computational Fluid Dynamics (CFD) simulation results obtained by Paitoon-
surikarn.
2. Calculations via Nusselt number correlations – using the modified Stine and
McDonald correlation.
5.4.1. Computational Fluid Dynamics (CFD) results from
Paitoonsurikarn
Paitoonsurikarn (2011, 2006) completed an extensive computational fluid dynamics
(CFD) study of convection losses from cavity receivers. One of the four receivers
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he modelled was the receiver for the 20m2 dish at the ANU. The receiver geometry
used was very similar to the simplified frustum shown in Figure 5.35. (For more
dimensions refer to Figure 5.10a.) Again, as for the radiation losses, the frustum
walls were split into 4 segments, and no distinction was made between the reactor
tubes and cavity walls.
Figure 5.35: Division of the frustum wall for convection loss simulations using Fluent.
(Image from Paitoonsurikarn (2006).)
Paitoonsurikarn’s CFD investigation utilised the Fluent 6.0 software package run-
ning on the ANU Supercomputer Facility’s Compaq ES45 Alpha 1 GHz machine.
Technical details of the problem formulation (domain, grid size) and convergence
criteria are provided in Paitoonsurikarn et al. (2011) and Paitoonsurikarn (2006).
More generally, the CFD simulations computed steady state flows and convective
heat transfers based on a system of time-dependent equations for the conservation
of mass, momentum and energy in air. These were solved with a coupled solver, in
which both the temperature and flow fields were solved simultaneously. The pos-
sibility of weak turbulence was accounted for by the use of the Spalart-Allmaras
single equation turbulent model (Spalart, 2000).
Paitoonsurikarn carried out a series of 3D simulations for the cavity shown in Figure
5.35 at different cavity inclinations, and different wall temperatures. Some example
velocity and temperature contours of the air in and around the cavity are shown
in Figure 5.36. A summary of convection loss from each wall segment for each
cavity inclination and wall temperature is given in Table 5.10. It is from this
table that the CFD convection losses presented in Section 5.4.3 and Section 5.5 are
interpolated. For the calculation of convection losses from a cavity it is important
to include the entire internal surface area. Paitoonsurikarn did not quantify the
convective fluxes at the inner “lips” of the front shield, nor at the apex of the cavity
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– these have instead been approximated using the convective fluxes computed by
CFD analysis for frustum sections 1 and 4 respectively. Similarly, the convective
fluxes for the reactor tubes were approximated using the convective fluxes computed
for the corresponding frustum wall section.
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Figure 5.36: Velocity (m/s) and temperature (K) contours for the study of free convection
losses with GrL = 7.8× 107. (Image from Paitoonsurikarn (2006).)
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Segment
Inclination # 1 # 2 # 3 # 4
φ (deg) W/m2 W/m2 W/m2 W/m2
Tw = 700K
0 1984 2412 2305 2066
15 2039 2003 1508 745
30 1981 1531 593 35
45 1850 879 65 0
60 1402 200 0 0
75 49 0 0 0
90 4 0 0 0
Tw = 800K
0 2565 3131 2966 2629
15 2646 2611 1934 958
30 2585 1997 750 49
45 2415 1124 85 0
60 1810 249 0 0
75 40 0 0 0
90 10 0 0 0
Tw = 900K
0 3167 3872 3610 3182
15 3307 3248 2356 1166
30 3180 2466 897 64
45 2998 1364 106 0
60 2212 294 1 0
75 68 1 0 0
90 15 1 0 0
Tw = 1000K
0 3749 4599 4197 3697
15 3839 3881 2741 1368
30 3771 2931 1035 82
45 3530 1573 129 1
60 2592 343 2 0
75 80 2 0 0
90 25 2 0 0
Tw = 1100K
0 4337.3 5328 4827.7 4240.7
15 4439 4507 3152 1575.7
30 4367.7 3397.7 1182.3 97.7
45 4090 1804.3 150.3 1.3
60 2988.7 390.7 2.7 0
75 90.3 2.7 1 0
90 32 2.7 0 0
Tw = 1200K
0 4925.7 6057 5458.3 4784.3
15 5039 5133 3563 1783.3
30 4964.3 3864.3 1329.7 113.3
45 4650 2035.7 171.7 1.7
60 3385.3 438.3 3.3 1
75 100.7 3.3 2 0
90 39 3.3 1 0
Table 5.10: Summary of convection heat fluxes obtained by Paitoonsurikarn (2006) using
CFD for four frustum segments (#1 to #4, as shown in Figure 5.35) for different cavity
inclinations and wall temperatures.
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5.4.2. Nusselt Number Correlations
In the previous section, computational fluid dynamics (CFD) results for natural
convection losses from Paitoonsurikarn were summarised. This section presents
convection loss calculations using the modified Stine and McDonald Nusselt number
correlation.
5.4.2.1. General Theory
Heat losses caused by natural convection can be quantified by evaluating a convective
heat transfer coefficient hconv in W/m2.ºC, via the dimensionless Nusselt number,
Nu (Holman, 2001).
Nu = hconvL
k
(5.54)
Here L is the characteristic length of the surface, and k is the thermal conductivity
of the fluid. The heat loss q due to natural convection is then given by:
q = hconvA (Tw − Tamb) (5.55)
where A is the area of the surface exposed to convection, Tw is the surface or “wall”
temperature, and Tamb is the ambient temperature of the fluid.
A general correlation for the Nusselt number NuL for a surface with characteristic
length L is:
NuL =
hconvL
k
= cRanLPrm (5.56)
where c, n and m are dimensionless constants which must be determined for a given
surface geometry, Ra is the Rayleigh number,
RaL =
gβ (Tw − Tamb)L3
να
, (5.57)
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and Pr is the Prandtl number,
Pr = ν
α
. (5.58)
The Rayleigh number can also be expressed as the product of the Grashof number,
Gr, and the Prandtl number:
RaL = Gr · Pr (5.59)
where the Grashof number is
GrL =
gβ (Tw − Tamb)L3
ν2
(5.60)
Here, g is the gravitational constant, and β, ν, and α are the thermal expansion
coefficient, the kinematic viscosity, and the thermal diffusivity of air respectively,
all of which are evaluated at the “film temperature” the average between the
wall temperature Tw and the ambient temperature Tamb in Kelvins. The thermal
conductivity of the fluid, k, is also evaluated at the film temperature.
The specific natural convection problem discussed in this project is the heat loss
by natural convection from the inside of the cavity receiver used with the 20m2
dish concentrator. Natural convection losses in solar cavity receivers have been
investigated by several authors since the 1980s. This has included experimental
investigations on cavity receivers operated with central receivers (power towers)
and dish concentrators, as well as with heated receivers in laboratories. Wu et al.
(2010), Paitoonsurikarn et al. (2011, 2006) and McDonald (1995) provide detailed
summaries of investigations in this field.
Paitoonsurikarn (2006, 2011) also proposed a Nusselt number correlation based on
a modified length scale which was applicable to various receiver geometries, as well
as accounting for receiver inclination. However, an absolute value sign in the defini-
tion of Paitoonsurikarn’s modified length scale led to a discontinuity in convection
losses and Nusselt numbers with respect to receiver inclination (in other words solar
altitude). The discontinuity of Paitoonsurikarn’s Nusselt number approach was also
observed by Hähnel (2011). Further details are given in Appendix P.
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In the following section, the modified Stine and McDonald Nusselt number correla-
tion, as proposed by Leibfried and Ortjohann (1995) is described. Natural convec-
tion losses calculated using this method are then compared to those obtained from
Paitoonsurikarn’s CFD tables as described in Section 5.4.1.
5.4.2.2. Modified Stine and McDonald Model
Leibfried and Ortjohann (1995) performed natural convection loss experiments using
a spherical and hemispherical cavity receiver with diameter 40 cm and containing
electrical heating elements. These were carried out at a range of receiver inclinations,
all the way from facing vertically upward, to sideways, to downward. By examining
this data, they were able to modify Stine and McDonald’s correlation for the Nusselt
number for a cavity receiver to give an improved correlation:
Nu = 0.106Gr1/3
(
Tw
Tamb
)0.18 (
4.256 Aap
Acav
)s
f (θ, θmax, θstag) (5.61)
where fluid properties are evaluated at the film temperature
Tf =
(Tw + Tamb)
2 . (5.62)
Aap is the area of the receiver aperture, and Acav is the total inner receiver sur-
face area including the surface area of the reactor tubes. The ratio Aap
Acav
therefore
describes the loss-limiting effect of the aperture for natural convection losses.
The exponent s is defined as
s = 0.56− 1.01
(
Aap
Acav
)1/2
. (5.63)
The angular dependence function f (θ, θmax, θstag) is defined based on the solar al-
titude or receiver inclination θ (in degrees), as well as the angle θmax at which
maximum convective loss occurs:
θmax = −23º− 260º · Aap
Acav
, (5.64)
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and θstag – the positive angle up to which the heated part of the cavity is situated
in the stagnant zone. For solar cavity receivers, this is normally θstag = 90º. For the
receiver for the 20 m2 dish used in this project, θmax = −28.4º.
From these three angles θ, θmax, and θstag, a reference angle θ˜ is defined. If the
receiver inclination θ ≥ θmax, then the reference angle is given by
θ˜ = θ − θstag
θmax − θstag (5.65)
which simplifies to
θ˜ = θ − 90º
θmax − 90º (5.66)
As the dish receiver only operates from 0-90º, the condition θ ≥ −28.4º is always
true for this receiver. The angular dependence function is then given by
f (θ, θmax, θstag) =
1
h0
(
1− cos
(
θ˜0.85 · pi
))
(5.67)
where
h0 = 1− cos
[
θ˜ (θ = 0)0.85 · pi
]
(5.68)
Note that although θ˜ is in degrees,
(
θ˜0.85 · pi
)
is in radians. The modified Stine and
McDonald model was developed for Rayleigh numbers 2.2× 108 ≤ Ra ≤ 1.4× 109,
and is limited to area ratios Aap
Acav
≤ 0.2.
5.4.3. Comparison of CFD to the Modified Stine and McDonald
Correlation
In this section, natural convection losses calculated using the modified Stine and
McDonald Nusselt number correlation from Section 5.4.2.2 are compared to those
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calculated using Paitoonsurikarn’s CFD results as summarised in Table 5.10. Ulti-
mately Paitoonsurikarn’s CFD results were found to fit the total experimental losses
better, and hence these were used in Section 5.5 to combine with the radiation and
conduction losses and compare to the total experimental losses. However the com-
parison of Nusselt-number-based calculations and CFD-based calculations presented
here provides an additional reference point.
The modified Stine and McDonald Nusselt number correlation described in Section
5.4.2.2 was based on spherical and hemispherical cavity receivers. Therefore the
characteristic length scale used (Lch) was the diameter of an equivalent sphere which
would have the same volume as the frustum cavities in this project, Vcav.
Lch =
(6Vcav
pi
)1/3
(5.69)
The characteristic length scale for each of the three receiver geometries is given in
Table 5.11. As noted elsewhere in this chapter and also in Chapter 3, in the 7.5º
and 3.7º half cone geometries, the frustum cavity was extended to accommodate
the vertical height occupied by the tubes. This gives rise to the slightly larger
characteristic lengths for the 7.5º and 3.7º half cone geometries.
Receiver geometry Characteristic length
(half cone angle) (m)
17.5º 0.528
7.5º 0.536
3.7º 0.536
Table 5.11: Characteristic length scales from Equation 5.69 used to calculate the Modified
Stine and McDonald Nusselt number for the three receivers.
Figures 5.37 to 5.42 compare natural convection losses calculated using Paitoon-
surikarn’s CFD results to those using the modified Stine and McDonald Nusselt
number correlation. For the CFD calculations it was possible to use the temperature
distributions discussed in Section 5.1 as Paitoonsurikarn had calculated convection
losses for different sections of the receiver, as shown in Figure 5.35. Two temper-
ature distribution scenarios are shown – one in which the cavity wall temperatures
were set equal to the corresponding tube segment temperatures; and another in
which they were set as outlined in Figures 5.1 to 5.6. In contrast, the modified
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Stine and McDonald Nusselt number correlation requires the use of a single tem-
perature to represent the cavity. Thus for the 17.5º and 7.5º receiver geometries
two temperatures were trialled – the average tube temperature at 20 cm along the
tube length; and an area-weighted temperature for the entire cavity. For the 3.7º
receiver a third temperature from 2 cm along the tube was also trialled as the peak
tube temperature was at the beginning of the tube. Ultimately Paitoonsurikarn’s
CFD results were found to fit the total experimental losses better, and hence these
were used in Section 5.5. A discussion of the appropriate wall tube temperatures is
also given in Section 5.5.
When comparing Paitoonsurikarn’s CFD results to the modified Stine and McDon-
ald results, two primary observations come to bear:
• The CFD results feature an abrupt change of slope at approximately 60º solar
altitude, while the modified Stine and McDonald results do not. This can be
observed in Figures 5.37 and 5.38 for the 17.5º receiver on January 29th and
February 10th. The absence of any change of slope in the modified Stine and
McDonald results is possibly due to the difference in cavity shape between
the frustum cavities in these experiments and the spherical and hemispherical
cavities in the modified Stine and McDonald experiments.
• Excepting the case of the 3.7º receiver with the peak temperature taken from
2 cm along the reactor tube, the modified Stine and McDonald losses are con-
sistently lower than the CFD losses. At around 70º solar altitude results from
the two models converge due to the approach to zero convection loss. However
taking the the 17.5º geometry receiver on 29th January as an example, at a
solar altitude of 41.4º, the Stine and McDonald losses predicted with the area-
weighted temperature were 33% lower than those predicted by CFD with the
wall temperatures set to the tube temperatures. Similarly large differences are
observed for the other experiments displayed. This highlights the difficulty of
calculating convection losses from a cavity receiver with non-uniform temper-
atures (i.e. a temperature distribution rather than a single temperature) via
a single average temperature and Nusselt number.
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Figure 5.37: Natural convection losses for the 17.5º receiver on 29th January with a flow
rate of 1.0 g/s, calculated using two methods – Paitoonsurikarn’s CFD results; and the
modified Stine and McDonald Nusselt number correlation. Two temperature scenarios
are shown for each.
Figure 5.38: Natural convection losses for the 17.5º receiver on 10th February with a flow
rate of 1.25 g/s, calculated using two methods – Paitoonsurikarn’s CFD results; and the
modified Stine and McDonald Nusselt number correlation. Two temperature scenarios
are shown for each.
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Figure 5.39: Natural convection losses for the 7.5º receiver on 16th March with a flow
rate 0.75 g/s, calculated using two methods – Paitoonsurikarn’s CFD results; and the
modified Stine and McDonald Nusselt number correlation. Two temperature scenarios
are shown for each.
Figure 5.40: Natural convection losses for the 7.5º receiver on 16th and 26th March with
a flow rate 1.25 g/s, calculated using two methods – Paitoonsurikarn’s CFD results;
and the modified Stine and McDonald Nusselt number correlation. Two temperature
scenarios are shown for each.
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Figure 5.41: Natural convection losses for the 3.7º receiver on 30th April with a flow rate
of 1.5 g/s calculated using two methods – Paitoonsurikarn’s CFD results; and the mod-
ified Stine and McDonald Nusselt number correlation. Two temperature scenarios are
shown for the CFD-based calculations, and three for the modified Stine and McDonald
calculations.
Figure 5.42: Natural convection losses for the 3.7º receiver on 14th May with a flow rate of
1.5 g/s, calculated using two methods – Paitoonsurikarn’s CFD results; and the mod-
ified Stine and McDonald Nusselt number correlation. Two temperature scenarios are
shown for the CFD-based calculations, and three for the modified Stine and McDonald
calculations.
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5.5. Comparison of Calculated and Experimental
Receiver Losses
The aim of this section is to compare the sum of the radiation, conduction and
convection losses calculated in Sections 5.2, 5.3 and 5.4 to the experimental losses
presented in Section 3.3, and hence determine whether the methods used to calculate
the radiation, conduction and convection losses are appropriate. Six experiments
were investigated – two experiments for each receiver geometry in the optimum flow
rate ranges.
We can also determine which of the cavity wall temperature profiles outlined in
Section 5.1 are more appropriate to match the experimental losses. Figures 5.43
to 5.48 illustrate this comparison, along with the uncertainty associated with the
experimental measurements, as detailed in Section 3.4. In each graph, the pink
markers represent calculations made with the cavity wall temperatures set equal to
the temperature of the corresponding reactor tube segment. The other coloured
markers represent calculations which assume the cavity wall temperature profiles
to be constant in the case of the 17.5º reactor, or linear in the case of the 7.5º
and 3.7º reactors, as outlined in Section 5.1. The comparison of calculated and
experimental receiver losses has been plotted against solar altitude. Given the near
linear dependence of temperature on solar altitude in these experiments, re-plotting
these results with respect to peak reactor temperature did not provide additional
insights. This can be verified by examining the example figures in Appendix Q.
First looking at Figures 5.43 and 5.44 for the 17.5º receiver, it can be seen that the
best fit is obtained by setting the cavity wall temperatures equal to the temperature
of the corresponding reactor tube segment. Intuitively this makes sense as the
reactor tubes are located close to the cavity walls in the 17.5º geometry, so it is logical
that setting the cavity wall temperatures equal to the tube temperatures provides
the best agreement. For the experiment on 10th February, this resulted in the sums
of calculated losses for every data point falling within the uncertainty bounds of
the experimental results. The fit between the experimental and calculated results
is best at mid altitudes, with the calculated sums trailing off from the experimental
results at low and high altitudes. For the experiment on 29th January, the sum
of calculated losses fell just outside the experimental error bars at high altitudes.
The deviation from the experimental results at low solar altitudes may indicate that
because the solar altitude changes quickly at the beginning and end of the day, the
pseudo steady-state assumption starts to break down. So perhaps a transient model
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would be needed to fully capture the effects at low altitudes. Refer to Appendix C
for a discussion of the pseudo steady-state assumption. The more severe deviation at
higher altitudes can be attributed to at least at few known factors in the calculated
results:
• Convection losses calculated by CFD drop sharply after 60º solar altitude, as
shown in Figures 5.62 to 5.64 and discussed in Section 5.6.4.
• Conduction losses calculated through the front shield also drop sharply after
60º solar altitude, as shown in Figures 5.60 and 5.61.
• In the calculation of total conduction losses for the receiver, radiation losses
from the exterior of the receiver were neglected. Refer to Appendix M for
details.
Perhaps the experimental results display a small forced convection loss component
– which would counter the afore-mentioned drops in losses – that was not modelled
in these calculations due to the low wind speeds. Or perhaps simply the models
used for the calculation, with their sharp declines in losses after 60º altitude, are
not calibrated for the conditions of this experiment.
Figure 5.43: 17.5º receiver half cone geometry – a comparison of calculated radiation,
conduction and convection losses and their sum compared to the total receiver losses
measured in the experiment on 29th January, with a flow rate of 1.0 g/s.
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Figure 5.44: 17.5º receiver half cone geometry – a comparison of calculated radiation,
conduction and convection losses and their sum compared to the total receiver losses
measured in the experiment on 10th February, with a flow rate of 1.25 g/s.
In contrast to the 17.5º receiver, the 7.5º and 3.7º receivers obtain the best fit be-
tween experimental and calculated results by using the linear cavity wall temperature
profiles as outlined in Section 5.1. Intuitively this also makes sense as the reactor
tubes in the 7.5º and 3.7º geometries are located further from the cavity walls, so
it is less likely that they would be at the same temperature. For the experiments
on 16th March (flow rate 0.75 g/s), 16th and 26th March (1.25 g/s), and 30th April
(Figures 5.45, 5.46 and 5.47), this choice of cavity wall temperature led to the sums
of calculated losses falling within the uncertainty bounds of the experimental results
for every data point. For the experiment on 14th May with the 3.7º receiver, the
calculated sums exceeded the experimental error bars for three data points at lower
altitudes. These result from a mismatch in slope between the calculated sums and
the experimental losses with respect to solar altitude, dominated by the magnitude
and slope of the calculated natural convection losses.
Given this mismatch, and also the mismatch between the experimental and calcu-
lated results at low and high altitudes for the 17.5º receiver, clearly the calculated
sums of losses are not perfect, and there is room to improve the radiation, conduc-
tion and convection loss methodologies outlined in Sections 5.2 to 5.4. There is
also room to incorporate a transient component to account for any non-steady-state
effects. However, the results in Figures 5.43 to 5.48 nonetheless show that the radi-
ation, conduction and convection loss methodologies outlined in this chapter provide
a reasonable match with the experimental data, with the calculated total receiver
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losses falling within the experimental uncertainties for all but seven data points –
four on 29th January, and three on 14th May.
In addition, Paitoonsurikarn’s CFD results appear to be generally applicable to not
only the 17.5º receiver geometry, but also the 7.5º and 3.7º geometries. The partial
obstruction of the cavity with the reactor tubes closer to the centre in the 7.5º and
3.7º geometries does not appear to have affected the applicability of his CFD results.
The flow patterns within the receiver may have changed without affecting the total
convection losses. This is not to say that Paitoonsurikarn’s CFD results provide a
perfect match under all conditions and at all solar altitudes – indeed some of the
mismatch discussed in the preceeding paragraphs is quite possibly due to imperfect
CFD modelling. However, at this stage Paitoonsurikarn’s CFD results provide a
reasonable approximation.
In Section 5.4.3, the modified Stine and McDonald Nusselt number correlation was
presented as an alternative method of calculating natural convection losses from the
receiver. However two factors led to the selection of Paitoonsurikarn’s CFD results
instead: firstly the difficulties in choosing a single temperature to represent the
entire cavity for the modified Stine and McDonald method; and secondly, the fact
that the modified Stine and McDonald results almost always predicted convection
losses below those of Paitoonsurikarn’s CFD analysis. With the appropriate cavity
wall temperatures selected, the sum of the calculated losses only ever exceeded the
experimental error bars for three data points (on 14th May). Therefore it was
deemed more appropriate to use the higher convection losses predicted with the aid
of Paitoonsurikarn’s CFD analysis.
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Figure 5.45: 7.5º receiver half cone geometry – a comparison of calculated radiation, con-
duction and convection losses and their sum compared to the total receiver losses mea-
sured in the experiment on 16th March, with a flow rate of 0.75 g/s.
Figure 5.46: 7.5º receiver half cone geometry – a comparison of calculated radiation, con-
duction and convection losses and their sum compared to the total receiver losses mea-
sured in the experiment on 16th and 26th March, with a flow rate of 1.25 g/s.
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Figure 5.47: 3.7º receiver half cone geometry – a comparison of calculated radiation, con-
duction and convection losses and their sum compared to the total receiver losses mea-
sured in the experiment on 30th April, with a flow rate of 1.5 g/s.
Figure 5.48: 3.7º receiver half cone geometry – a comparison of calculated radiation, con-
duction and convection losses and their sum compared to the total receiver losses mea-
sured in the experiment on 14th May, with a flow rate of 1.5 g/s.
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The discussion thus far has focussed on agreement between the calculated and exper-
imental losses. It is also beneficial to provide suggestions for reducing these losses.
For the receiver cavity in its current form, the conduction losses calculated exceed
radiation losses. A substantial increase in insulation thickness for the front shield is
possible for all three receiver geometries, and would reduce total conduction losses –
currently the insulation thickness for the shield is a mere 2 cm. Referring to Figures
5.33a, 5.60 and 5.61, we see that for all solar altitudes below 75º, conduction losses
through the front shield exceed conduction losses for every other receiver segment,
and thus efforts should be made to reduce these. Appendix R shows that solely
increasing the insulation thickness for the front shield from 2 cm to 5 cm would re-
duce total conduction losses by approximately 15%. Conduction losses could also
be reduced by increasing the thickness of the frustum wall insulation, especially
in the case of the 7.5º and 3.7º receiver geometries, though this would have to be
considered in the context of any changes in radiation and convection losses from the
interior of the cavity.
Further refinement of the heat loss calculation methodologies would be desirable.
However this is difficult given the uncertainties associated with both experimental
receiver losses and exact cavity wall temperatures for calculating the losses, in ad-
dition to the lack of statistically significant volumes of experimental data. Instead,
it was deemed more insightful to apply these heat loss calculation methodologies,
which already provide sufficient agreement, along with knowledge of the temperature
profiles experienced in each receiver configuration, to explore what would happen
if the peak temperature was held fixed while the solar altitude varied. This is in
contrast to the experiments presented in this section in which the mass flow was held
constant while the peak receiver temperature varied with solar altitude. Moreover
these predictions could be explored for a wide range of temperatures, much wider
than that explored experimentally.
Prediction of losses incurred at fixed peak temperatures are presented in the follow-
ing section.
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5.6. Predicted Receiver Losses at Constant
Temperature
As mentioned in Section 5.5, the experiments carried out for this project were
undertaken at constant mass flow, with the temperature allowed to vary. It would
however, be instructive to know how the receiver losses for each of the three receiver
geometries behaved if the temperature was held constant and the mass flow was
varied via a controller to maintain this constant temperature. Of course as shown
in the temperature profiles in Sections 3.5.2 and 5.1, there is not a single receiver
temperature but rather a temperature distribution or profile within the receiver, with
temperatures varying depending on how far the point is from the receiver aperture,
and whether they are measured on the tubes or on the cavity walls. Each receiver
configuration has a characteristic temperature distribution whose “shape” stays the
same, but shifts upwards or downwards at higher or lower operating temperatures, as
per Figures 3.39a to 3.40b. Thus, based on the characteristic temperature profiles
for each receiver geometry, temperature profiles were “synthesized” by assigning a
peak temperature, and shifting the known temperature profile accordingly. The
heat loss methodologies developed in Sections 5.2.2, 5.3 and 5.4 were then used
to predict the radiation, conduction and convection losses from each of the three
receiver geometries with the temperature profiles being held constant as the solar
altitude varied. The same heat loss methodologies had previously been validated
against experimental losses in Section 5.5. Losses were predicted at 0º, 15º, 30º,
45º, 60º, 75º and 90º to produce the loss graphs in this section. First the synthetic
temperature profiles are illustrated, followed by the predicted receiver losses.
5.6.1. Synthetic “Constant temperature” Profiles
Figures 5.49 to 5.53 show the synthesized temperature profiles used to predict the
losses from each of the three receiver geometries if the temperature profile were held
constant as the solar altitude varied. These are also given electronically in Ap-
pendix I. Barring the reference temperature profiles, the profiles are “synthesized”
because they are the best estimate of what the temperature distribution within the
receiver would have been for a given peak temperature in the profile. This allowed
predictions to be made for a much wider temperature range than that examined
experimentally for each receiver – from 500 to 800ºC (773K to 1,073K). For the
17.5º and 7.5º receivers, the peak temperature for each temperature profile was at
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approximately 20 cm along the reactor tube (from the aperture end). Meanwhile for
the 3.7º receiver, the peak temperature was at the beginning of the reactor tube,
closest to the aperture. The synthesized profiles were based on reference profiles
which were obtained experimentally for each of the three receiver configurations,
shown in black in Figures 5.49 to 5.53. These reference profiles were then shifted
up or down to obtain the peak temperature required. If actual experimental temper-
ature profiles were obtained over this entire temperature range, perhaps the curves
would also be stretched rather than simply shifted, but in the absence of such data,
these shifted curves serve as plausible temperature profiles.
For the 17.5º half cone receiver there is just one graph of temperature profiles, as it
was concluded in Section 5.5 that the best agreement between experimental losses
and calculated losses for the 17.5º receiver came from using wall temperatures equal
to the tube temperatures. On the other hand there are separate graphs for both the
tube and wall temperatures for the 7.5º and 3.7º half cone receivers.
Also of note is that the tube temperature profiles presented in this section have
been plotted by the mid-sections of each of the 4 sub-sections of tube used for loss
calculations. This differs from the temperature profiles in Section 5.1 which were
plotted by thermocouple placement, however the tube length of course remains the
same at 52 cm.
The following sections show the radiation, conduction, convection and total losses
predicted using these synthesized temperature profiles as constant input while the
solar altitude varies.
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Figure 5.49: Synthesized tube and wall temperature profiles for the 17.5º half cone receiver,
used to predict receiver losses at constant temperature. The peak temperatures for each
curve are indicated on the legend. The first (aperture) and last (apex) temperatures
are included in the wall profiles only.
Figure 5.50: Synthesized tube temperature profiles for the 7.5º half cone receiver, used to
predict receiver losses at constant temperature. The peak temperatures for each curve
are indicated on the legend. For reference the corresponding beginning (front shield
near aperture) and end (receiver apex) wall temperatures are also plotted on the graph.
The full wall temperature curves are given in Figure 5.51.
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Figure 5.51: Synthesized wall temperature profiles for the 7.5º half cone receiver, used to
predict receiver losses at constant temperature. The peak tube temperatures for each
curve are indicated on the legend.
Figure 5.52: Synthesized tube temperature profiles for the 3.7º half cone receiver, used to
predict receiver losses at constant temperature. The peak temperatures for each curve
are indicated on the legend. For reference the corresponding beginning (front shield
near aperture) and end (receiver apex) wall temperatures are also plotted on the graph.
The full wall temperature curves are given in Figure 5.53.
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Figure 5.53: Synthesized wall temperature profiles for the 3.7º half cone receiver, used to
predict receiver losses at constant temperature. The peak tube temperatures for each
curve are indicated on the legend.
5.6.2. Radiation Losses at Constant Temperature
The temperature distributions described in the previous section were used to predict
radiation losses with a constant temperature distribution. The radiation losses were
calculated using the methodology developed in Section 5.2.2. As expected, when
the temperature distribution is held constant over the full range of solar altitudes,
the radiation losses are constant no matter the altitude. This gives rise to the flat
curves in Figures 5.54 to 5.56 – one for each of the three receiver geometries. The
combination of different view factors and different characteristic temperature profiles
for each of the three receiver configurations leads to significantly higher losses for
the 17.5º half cone than either the 7.5º or the 3.7º geometry. In the most extreme
case, with the temperature distribution with 800ºC peak (1,073K), the 17.5º half
cone geometry had an increase of 560W in radiation losses over the 3.7º receiver –
a 39% increase.
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Figure 5.54: Predicted radiation losses for the 17.5º half cone receiver over a range of solar
altitudes with the temperature distribution held constant for each curve.
Figure 5.55: Predicted radiation losses for the 7.5º half cone receiver over a range of solar
altitudes with the temperature distribution held constant for each curve.
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Figure 5.56: Predicted radiation losses for the 3.7º half cone receiver over a range of solar
altitudes with the temperature distribution held constant for each curve.
5.6.3. Conduction Losses at Constant Temperature
Figures 5.57 to 5.59 show the conduction losses predicted for each receiver geom-
etry if the temperature distribution within the receiver were to be held constant
while the receiver was moved through a range of solar altitudes. The methodology
described in Section 5.3.1 was used to calculate the conduction losses, with the
temperature distributions set as discussed in Section 5.6.1. Each curve represents a
temperature distribution with a different peak temperature, and is labelled by this
peak temperature.
As expected, for a given peak temperature the curves are relatively flat. For a
given temperature distribution, there is little variation predicted in the conduction
losses over the full range of solar altitudes (0 to 90º) for any of the three receiver
configurations (17.5º, 7.5º and 3.7º half cones).
The 17.5º half cone receiver geometry would experience the highest conduction
losses, while the losses for the 7.5º and 3.7º geometry would be roughly equal.
For the temperature distribution with 800ºC peak (1,073K) at 0º solar altitude,
the 17.5º half cone geometry had an increase of 501W in conduction losses over
the 3.7º receiver, which represented a 29% increase. Unlike the radiation losses in
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which different geometric view factors were calculated for each receiver configura-
tion, the temperature distribution in the receiver is the only significant difference in
the calculation of conduction losses. Thus, higher conduction losses are predicted
for the 17.5º half cone receiver largely due to the presumption (see Section 5.5)
that the wall temperatures for the 17.5º half cone receiver follow the (higher) tube
temperatures, while the wall temperatures for the 7.5º and 3.7º half cone receivers
do not.
Figure 5.57: Predicted conduction losses for the 17.5º half cone receiver over a range of
solar altitudes with the temperature distribution held constant for each curve.
Towards higher solar altitudes, the conduction losses drop off. For all three receiver
geometries we observe the conduction losses trailing off from 45º solar altitude for
the 800ºC curve, and from 75º solar altitude for the 500ºC curve. This decline in
conduction losses is explained by referring to Figures 5.60 and 5.61, which present
a break-down of receiver losses per cavity segment for a peak receiver temperature
of 800ºC and 500ºC respectively. The 17.5º half cone receiver is used as an example.
As shown in Section 5.3.1, the frustum walls of the cavity are split into 4 segments
for the purpose of calculating conduction losses, along with the apex and front
shield. The decline in conduction losses at higher solar altitudes is driven mainly
by the decline in losses through the front shield, represented by the curve with the
orange circles. As the shield moves closer to a horizontal position, the air at the
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Figure 5.58: Predicted conduction losses for the 7.5º half cone receiver over a range of
solar altitudes with the temperature distribution held constant for each curve.
Figure 5.59: Predicted conduction losses for the 3.7º half cone receiver over a range of
solar altitudes with the temperature distribution held constant for each curve.
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outer surface becomes more stagnant and hence convection losses decrease. These
are equated to the conduction losses through the front shield as outlined in Section
5.3.1.2. This is shown mathematically by referring to Equation 5.39 which governs
the Nusselt number for the front shield12. The factor of cos θ produces the decline at
higher altitudes, and the decline occurs more rapidly at higher temperatures due to
the Grashof and Prandtl number factors. The effect on the total conduction losses is
pronounced because the insulation on the front shield is thin (~2 cm) in comparison
to elsewhere in the cavity walls (up to 10 cm at the apex). This is highlighted by
a comparison between the thermal resistance due to the insulation and that due to
convection from the exterior of the shield, given in Appendix O.
Figure 5.60: A break-down of predicted conduction losses per cavity segment at a peak
temperature of 800ºC for the 17.5º half cone receiver. The temperature distribution
was held constant while the solar altitude was varied.
12It should be noted that Equation 5.39 on page 157 cannot be implemented at exactly 90º
altitiude, and hence depending on the peak temperature, the conduction losses at 90º were
approximated with losses between 87º and 89.9º.
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Figure 5.61: A break-down of predicted conduction losses per cavity segment at a peak
temperature of 500ºC for the 17.5º half cone receiver. The temperature distribution
was held constant while the solar altitude was varied. The proximity of the loss curves
for frustum segments 1 and 2 in this graph is particular to this temperature set.
5.6.4. Convection Losses at Constant Temperature
Natural convection losses predicted for each receiver geometry over a range of solar
altitudes with a constant temperature distribution are given in Figures 5.62 to 5.64.
The losses were calculated by interpolating from the computational fluid dynamics
modelling results of Paitoonsurikarn (2006), as described in Section 5.4.1, for the
temperature distributions from Section 5.6.1. Again, as per the preceding graphs for
radiation and conduction losses, each curve represents a temperature distribution
with a different peak temperature, and is labelled by this peak temperature.
At low and mid solar altitudes, natural convection losses are significantly higher than
either radiation or conduction losses for each of the three receiver configurations.
This dominance is discussed further in Section 5.6.5.
For each receiver geometry, two sudden changes in slope are present in the convec-
tion loss curves – at around 30º and 60º solar altitude – followed by approximately
zero convection losses from 75º to 90º solar altitude. In reality while natural con-
vection losses above 75º solar altitude will be low, they will not be zero or slightly
negative. However, for the purposes of this study, Paitoonsurikarn’s computational
fluid dynamics results for the small receiver (Section 5.4.1) were applied over all
solar altitudes for the sake of consistency, as these had provided good agreement
for the comparison with the experimental results in Section 5.5 (all of which were
below 72º in solar altitude).
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The sudden change in slope at 60º solar altitude can be attributed directly to the
CFD modelling results of Paitoonsurikarn. It is present in his own modelling results
shown in Figure S.1 in Appendix S, and indeed experimental studies of natural
convection losses have also featured sudden change in slope at 60º (Taumoefolau
2004, Taumoefolau et al. 2004, Leibfried and Ortjohann 1995). The other sudden
change in slope at 30º is not visible in Figure S.1 for which all of the results were
obtained by setting a single temperature for every surface in the cavity. Therefore
it could be that this sudden change in slope at 30º is a result of applying a tempera-
ture distribution, rather than a single temperature at different locations within the
receiver. Sudden changes in slope in the convection loss curve reflect changes in the
convective flow patterns within the receiver – for example changes in the relative
effects of: the central eddy; the stagnant zone; and the counterflow. A more detailed
discussion of such flow patterns is given by Leibfried and Ortjohann (1995).
As per both the predicted radiation and conduction losses in the preceding sections,
the 17.5º half cone receiver is predicted to experience the highest natural convection
losses, with the losses for the 7.5º and 3.7º geometries being roughly equal. For
the temperature distribution with 800ºC peak (1,073K) at 0º solar altitude, the
17.5º half cone geometry had an increase of 880W over the 3.7º receiver, which
represented a 16% increase.
In a similar vein to the conduction losses discussed in Section 5.6.3, the temperature
distribution in the receiver is the only difference in the calculation of convection
losses. Thus, while convection losses were also calcuated for the tubes themselves,
higher convection losses are predicted for the 17.5º half cone receiver largely due to
the assumption that the wall temperatures for the 17.5º half cone receiver follow the
(higher) tube temperatures, while the wall temperatures for the 7.5º and 3.7º half
cone receivers do not (see Section 5.5).
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Figure 5.62: Predicted natural convection losses for the 17.5º half cone receiver over a
range of solar altitudes with the temperature distribution held constant for each curve.
Figure 5.63: Predicted natural convection losses for the 7.5º half cone receiver over a range
of solar altitudes with the temperature distribution held constant for each curve.
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Figure 5.64: Predicted natural convection losses for the 3.7º half cone receiver over a range
of solar altitudes with the temperature distribution held constant for each curve.
5.6.5. Predicted Receiver Loss Curves
5.6.5.1. Component Losses at Constant Temperature
Figures 5.65 to 5.70 plot each predicted loss component – radiation, conduction
and natural convection – for a single constant temperature distribution along with
the summation of these receiver losses for each of the three receiver geometries. The
first three graphs, Figures 5.65 to 5.67, show the curves for a constant temperature
distribution with peak temperature of 800ºC; while Figures 5.68 to 5.70 are for
a peak temperature of 500ºC. A comparison of total losses for the three receivers
with constant peak temperatures is given in Figures 5.71 (800ºC) and 5.72 (500ºC).
Further graphs of total loss curves for every temperature set are shown in Section
5.6.5.2.
For the masked 9m2 dish with an insolation of 1000W/m2 DNI and reflectivity
of 77.5%, 6,717W represents the maximum concentrated flux energy entering the
receiver.13 Therefore under these exact conditions we would expect the curves for
800ºC to plateau at this loss value at low solar altitudes. Higher incident energy
levels could of course be achieved with a higher reflectivity dish or insolation greater
13 9m2 (dish aperture) × 1000W/m2× 0.775 (reflectivity) × 0.963 (spillage).
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Figure 5.65: Component and total receiver losses predicted for the 17.5º half cone receiver
with a temperature distribution with peak 800ºC.
Figure 5.66: Component and total receiver losses predicted for the 7.5º half cone receiver
with a temperature distribution with peak 800ºC.
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Figure 5.67: Component and total receiver losses predicted for the 3.7º half cone receiver
with a temperature distribution with peak 800ºC.
Figure 5.68: Component and total receiver losses predicted for the 17.5º half cone receiver
with a temperature distribution with peak 500ºC.
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Figure 5.69: Component and total receiver losses predicted for the 7.5º half cone receiver
with a temperature distribution with peak 500ºC.
Figure 5.70: Component and total receiver losses predicted for the 3.7º half cone receiver
with a temperature distribution with peak 500ºC.
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Figure 5.71: A comparison of total predicted receiver losses for all three receiver geometries
with the temperature distributions with a peak of 800ºC.
Figure 5.72: A comparison of total predicted receiver losses for all three receiver geometries
with the temperature distributions with a peak of 500ºC.
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than 1000W/m2, and hence the curves have been extended above this loss value for
that reason.
In the graphs for each of the individual loss mechanisms (radiation, conduction,
convection) for constant temperature distributions shown in Sections 5.6.2, 5.6.3
and 5.6.4, the magnitudes of the predicted losses varied between the receiver ge-
ometries, while the shape of the curves did not. Hence with the summation of all
the predicted losses shown in this section, again the shape of the total loss curves is
consistent between all three receiver geometries, as shown in Figures 5.71 and 5.72.
Figures 5.65 to 5.70 allow a comparison of the three loss components – radiation,
conduction and natural convection – as well as visualising how each component loss
influences the shape of the total loss curve. As discussed in Section 5.6.4, natural
convection losses dominate the total losses at low and mid solar altitudes, for all
three receiver configurations. This dominance continues up until a “cross-over” solar
altitude at which the natural convection losses drop below the conduction losses, and
soon after also drop below the radiation losses. For the temperature distribution
with a peak of 800ºC, this cross over occurs between solar altitudes of 49º and
53º depending on the receiver geometry (17.5º and 3.7º respectively). Meanwhile
for the temperature distribution with a lower peak of 500ºC, this cross over occurs
at slightly higher solar altitudes, between 61º and 64.5º depending on the receiver
geometry (17.5º and 3.7º respectively).
While the dominance of natural convection losses at low solar altitudes is very pro-
nounced for the small masked dish, as discussed in Section 3.2.3.1, for dish concen-
trators with high geometric concentration ratios the increase in natural convection
loss due to solar altitude would represent a much smaller fraction of the incoming
energy. The fraction of incoming energy lost to conduction and radiation would
similarly be much reduced with high geometric concentration ratios, although these
losses exhibit little (conduction) or no (radiation) dependence on solar altitude.
Owing to the roughly constant conduction and radiation losses, the total loss curve
follows more or less the same shape as the natural convection curve, only shifted
upwards by the combined sum of the conduction and radiation losses. The shape
of the total loss curve is an approximately linear decline followed by a plateau at
around 75º solar altitude. Two changes of slope are present in the approximately
linear section, occurring at around 30º and 60º respectively – the convection effects
producing these are discussed in Section 5.6.4.
As remarked in Section 5.5, conduction losses would be easily reduced by increasing
the wall insulation thickness, especially at the front shield. However, any subsequent
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change to radiation and convection losses would have to be evaluated alongside the
new conduction losses.
The predicted losses in all of the graphs from Figures 5.65 to 5.72 suggest that there
is little difference between the receiver losses for the 3.7º and 7.5º geometries, for
both the total receiver losses, and each of the individual contributions – radiation,
conduction and convection. The 3.7º geometry presents slightly lower losses in each
case. For example, referring to Figure 5.72 for the peak temperature of 500ºC, the
total receiver losses at 0º solar altitude for the 7.5º geometry are only 130W or 3.6%
higher than those for the 3.7º geometry.
In contrast there is a larger difference in losses between the 3.7º and 7.5º geometries
on the one hand, and the 17.5º geometry receiver on the other. For example, again
referring to Figure 5.72 for the peak temperature of 500ºC, the total receiver losses
at 0º solar altitude for the 17.5º geometry are 1,240W or 34% higher than those
for the 3.7º geometry. This is partly attributed to the difference in the receiver
geometries themselves, affecting the absorption of concentrated flux and view factors
for the radiation losses. But it is also due to the temperature distributions – for the
17.5º geometry, the wall temperatures are assumed to be equal to the reactor tube
temperatures, while for the 3.7º and 7.5º geometries the walls are assumed to be at
lower temperatures than the tubes (refer to Figures 5.3 to 5.6). This provides a
large surface area at higher temperature for the 17.5º geometry than the 3.7º and
7.5º geometries, and hence higher losses.
5.6.5.2. Total Receiver Losses at Constant Temperature
Figures 5.73 to 5.75 show the total receiver losses predicted for each receiver con-
figuration, for each constant temperature distribution considered, and over the full
range of solar altitudes.
Experimental data points with a peak temperature close to that of the curves have
been plotted for comparison – most fitting quite closely to the predicted loss curves.
This is expected as the total receiver loss curves were predicted using heat loss
calculations that had been verified against the experimental data in Section 5.5,
and temperature distributions mimicking those found experimentally. Nonetheless
they serve as a good visual verification that the predicted total receiver losses fit
with experimental data.
The graphs suggest that the 3.7º half cone receiver would have the lowest total
receiver losses, closely followed by the 7.5º half cone receiver over all temperature
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and solar altitude conditions – not just in the conditions studied experimentally.
For example, at 90º solar altitude and 800ºC, the total predicted receiver losses as a
percentage of incident power at the receiver were 43.5% and 46.4% for the 3.7º and
7.5º receivers respectively, compared to 58.8% for the 17.5º receiver. The predicted
losses for the 3.7º and 7.5º half cone receivers were close enough that, taking into
account uncertainties in the experimental data used, we should not read much into
the exact ranking of the two receivers without further investigation. In addition,
one must also take into account whether all peak temperatures can be achieved for a
given geometry, and what level of concentrated solar flux input is necessary to attain
these temperatures. Both of these practical considerations are necessary to compare
relative efficiencies of these two receiver geometries. Further, at the system level,
heat exchanger effectiveness must also be considered to determine which system is
most efficient overall.
Again, 6,717W would represent the maximum concentrated flux energy entering the
receiver for the masked 9m2 dish with an insolation of 1000W/m2 DNI and reflec-
tivity of 77.5%.14 Therefore under these conditions we can predict the stagnation
temperature of the cavity for different solar altitudes – i.e. the highest temperature
in the receiver would plateau at this value. Drawing a horizontal line at 6,717W
in Figure 5.73 for example, at 10º solar altitude the stagnation temperature would
be roughly 650ºC, and at 45º solar altitude, the stagnation temperature would be
about 800ºC.
Figures 5.73 to 5.75 represent the culmination of much of the work in this project.
The heat losses were calculated using the heat loss methodologies developed in
Sections 5.2.2, 5.3 and 5.4 that have been verified against a substantial body of
experimental data (Section 5.5 and Chapter 3). These heat loss methodologies were
combined with the understanding of the empirical temperature distributions within
the receiver as detailed in Sections 3.5.2, 5.1, and 5.5 to produce predicted heat
losses for a wide range of peak temperatures and over the full range of solar altitudes.
These now provide experimentally-verified heat loss curves for three different receiver
geometries for ammonia thermochemical receiver/reactors.
14 9m2 (dish aperture) × 1000W/m2× 0.775 (reflectivity) × 0.963 (spillage).
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Figure 5.73: Total receiver losses predicted for the 17.5º half cone receiver with the tem-
perature distribution held constant while the solar altitude varied. A few experimental
data points are plotted for comparison.
Figure 5.74: Total receiver losses predicted for the 7.5º half cone receiver with the tem-
perature distribution held constant while the solar altitude varied. A few experimental
data points are plotted for comparison.
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Figure 5.75: Total receiver losses predicted for the 3.7º half cone receiver with the tem-
perature distribution held constant while the solar altitude varied. A few experimental
data points are plotted for comparison.
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5.7. Annual Predicted Receiver Losses
From the predicted curves developed in the preceding section for total receiver losses
for each receiver configuration over a range of temperatures and solar altitudes, it
is now possible to also predict annual receiver losses for each receiver configuration,
and hence compare their performance on an annual basis.
For the site location, Broken Hill, was chosen. This is a site in outback New South
Wales with high annual DNI. The site location details are given in Figure 5.76
below.
Figure 5.76: Site location details for Broken Hill, Australia.
Solar elevation data for this site was taken from the NREL MIDC Solar Position
Algorithm Calculator15. This calculator is based on the algorithm outlined by Reda
and Andreas (2008). Solar elevation data was obtained for every half hour from
sunrise until sunset for every day of the 2016 calendar year.
For the purposes of this comparison, it was assumed that the temperature profile
within the receiver remained constant. The temperature profile with peak tempera-
ture of 650ºC (923K) was used as this was the median for the temperature profiles
studied. It was also predicted to be the approximate stagnation temperature pos-
sible for the 17.5º receiver geometry at low solar altitudes. This was the limiting
stagnation temperature as the other two receiver geometries had higher predicted
stagnation temperatures. The assumption of constant temperature profiles has lim-
itations, but it allows a base comparison between the three receivers on an annual
basis.
The average hourly receiver losses for each month are plotted for each of the three
receiver geometries in Figure 5.77, with annual receiver losses given in Figure 5.79.
Data for these calculations is summarized in Table 5.78 and given electronically
15https://midcdmz.nrel.gov/solpos/spa.html
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in Appendix T. Over the course of the year, the best receiver geometry with 3.7º
half cone angle gives 24.7% lower losses than the 17.5º geometry - 61,367.89 MJ
compared to 81,549.62 MJ. Meanwhile the receiver with the 7.5º half cone angle
gives 20.1% lower losses than the 17.5º geometry over the year - 65,121.58 MJ
compared to 81,549.62 MJ. Each of these represents a significant annual reduction
in losses. While additional study would be required to demonstrate annual receiver
and annual system efficiency, especially paying attention to the feasibility of any
given set of receiver parameters, these preliminary results predicting annual receiver
losses for a fixed receiver temperature profile are very promising.
Figure 5.77: Receiver losses over the course of a year for each of the three receiver geome-
tries with a location of Broken Hill, Australia.
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Receiver Losses
3.7º receiver
geometry
7.5º receiver
geometry
17.5º receiver
geometry
Total Op-
erational
hours in
month
Total
for
month
(MJ)
Hourly
avg for
month
(MJ/h)
Total
for
month
(MJ)
Hourly
avg for
month
(MJ/h)
Total
for
month
(MJ)
Hourly
avg for
month
(MJ/h)
Jan 434.0 5,448.5 12.55 5,787.1 13.33 7,286.5 16.79
Feb 381.0 4,930.0 12.94 5,234.1 13.74 6,579.9 17.27
Mar 378.5 5,218.5 13.79 5,536.3 14.63 6,938.9 18.33
Apr 337.5 4,955.1 14.68 5,255.4 15.57 6,566.3 19.46
May 325.5 5,042.1 15.49 5,347.4 16.43 6,659.0 20.46
Jun 302.5 4,810.0 15.90 5,101.2 16.86 6,341.5 20.96
Jul 314.0 4,901.2 15.61 5,198.0 16.55 6,470.8 20.61
Aug 341.5 5,126.8 15.01 5,437.3 15.92 6,784.1 19.87
Sep 354.5 4,994.8 14.09 5,298.2 14.95 6,634.5 18.72
Oct 397.5 5,261.2 13.24 5,584.0 14.05 7,011.7 17.64
Nov 413.0 5,224.9 12.65 5,549.2 13.44 6,983.8 16.91
Dec 443.5 5,454.7 12.30 5,793.5 13.06 7,292.6 16.44
Annual Losses
(MJ)
61,367.9 65,121.6 81,549.6
Figure 5.78: Annual and monthly receiver losses for each of the three receiver geometries
for a location of Broken Hill, Australia.
Figure 5.79: Annual receiver losses for each of the three receiver geometries for a location
of Broken Hill, Australia.
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5.8. Summary of Receiver Energy Balances
This chapter has presented radiation, conduction and convection loss methodolo-
gies (Section 5.2.2, Section 5.3.1 and Section 5.4 respectively) which provide good
agreement with the experimental data. Out of 86 steady-state data points studied,
the calculated total receiver losses fall within the experimental uncertainties for all
but seven data points – four on 29th January, and three on 14th May (Section 5.5).
From these energy balances, curves of predicted heat losses were produced for each of
the three ammonia receiver/reactors over a range of conditions larger than those in-
vestigated experimentally – for temperatures from 500-800ºC, and for the full range
of solar altitudes, 0-90º (Section 5.6.5.2). These curves suggest that the 3.7º half
cone receiver would have the lowest total receiver losses – just narrowly ahead of
the 7.5º half cone receiver. Preliminary results integrating the receiver losses over
the course of a year indicate that the 3.7º receiver geometry would reduce receiver
losses by 25% compared to the 17.5º receiver geometry.
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6.1. Conclusions
This project has shown experimentally that changing the receiver geometry and
specifically the cone angle of reactor tubes within a cavity receiver can improve
the efficiency of solar energy conversion. This was shown using the case study of
a receiver for the ammonia thermochemical storage system on a masked 9m2 dish
concentrator. This is a useful finding as improvements in efficiency due to reactor
tube cone angle do not increase the cost of manufacture of the receiver. Moreover,
any increase in receiver efficiency allows an equivalent decrease in mirror area. In the
context of a commercial solar plant, the solar collector field (mirror area) currently
accounts for around 40% of total project costs, so any decrease in this size has a
clear economic benefit.
Through 178 hours of solar experiments, this project has tested not only the receiver
geometry, but also the reliability of the design. There were no leaks from the receiver,
nor any damage to it over the course of this project. While the efficiencies achieved
in this project were relatively low, this is largely due to the low concentration ratio,
exacerbated by masking the dish to only 300 suns. The general receiver design of
an insulated cavity containing a cone of directly irradiated catalyst-filled tubes is
viable, and the inconel tubes and header proved reliable.
Experimental results were compared with simulations using the newre7.for compu-
tational receiver/reactor model, but gross disagreement was observed. Simulated
reaction extents were 2-4 times those achieved experimentally. Therefore an en-
ergy balance was proposed for each of the three receiver geometries, encompassing
radiation, convection and conduction losses and using the knowledge gained exper-
imentally of reactor tube temperature profiles. Out of 86 steady-state data points
studied, calculated receiver losses fell within the experimental uncertainties for all
but seven points. This energy balance allowed curves of predicted receiver losses
to be generated for each of the three receiver geometries over a range of conditions
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larger than those investigated experimentally.
The following sections outline the findings of this project specifically as they relate
to the aims regarding receiver geometry for the 9m2 dish concentrator, and then
other dish concentrators.
6.1.1. Receiver Geometry for the 9m2 Dish
For the experiments presented in this project with the 9m2 dish concentrator, chang-
ing the reactor tube angle produced efficiency gains of up to 6.4% absolute for the
solar-to-chemical efficiency1, and up to 7.0% gain absolute for receiver efficiency at
a given solar altitude. Of the three receiver geometries studied experimentally, the
receivers with the reactor tubes at 3.7º and 7.5º half cone angles performed bet-
ter than the receiver with the 17.5º half cone. Preliminary results integrating the
receiver losses over the course of a year indicate that the 3.7º receiver geometry
would reduce annual receiver losses by 25% compared to the 17.5º receiver geome-
try (Section 5.7). The total predicted receiver losses (Section 5.6.5.2) suggest that
the 3.7º half cone receiver would have the lowest total losses under all operating
conditions, closely followed by the 7.5º half cone receiver. For example, at 90º solar
altitude and 800ºC, the total predicted receiver losses as a percentage of incident
power arriving at the receiver are 43.5% and 46.4% for the 3.7º and 7.5º receivers
respectively, compared to 58.8% for the 17.5º receiver. At mid and low solar alti-
tudes, natural convection losses dominated over conduction and radiation losses for
all three receiver geometries.
The 7.5º half cone receiver had slightly higher solar-to-chemical efficiencies than the
3.7º half cone receiver. This indicates that although the 3.7º half cone receiver has
the lowest receiver losses, system-level operation, especially operation of the heat
exchanger, was slightly less optimal than for the 7.5º receiver. So heat exchanger
operation must be optimized in addition to receiver geometry to obtain the highest
solar-to-chemical efficiencies possible.
From these findings, conclusions on the features of favourable flux and temperature
profiles for the reactor tubes can be drawn. Knowledge of favourable reactor tube
flux profiles means that receiver/reactor geometries can be screened even at the
inital stage of optical modelling. The specific findings from this project only apply
1Note that in Dunn et al (2012c) a gain of up to 7% in solar-to-chemical efficiency was reported.
This referred to the difference between individual data points at a given solar altitude, rather
than between the linear fits to the data.
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to reactor tubes with the same diameter and cross section as used in this project,
the same catalyst bed, and also a similar sized dish concentrator.
Concentrated solar flux profiles for the reactor tubes were given in Section 2.2.2 for
the 17.5º half cone receiver, the 7.5º half cone receiver and the 77mm radius cylinder
(the closest approximation of the 3.7º half cone receiver that was modelled optically),
amongst other receivers. The receiver geometries that produced the lowest receiver
losses – the 77mm radius cylinder (3.7º half cone) and the 7.5º half cone receiver
– produced flux profiles on the reactor tubes which shifted the flux towards the
aperture, where flow first enters the reactor bed. The flux profile for the 77mm
radius cylinder was shifted even closer to the aperture than the 7.5º half cone. From
this data, we can assume as a preliminary basis that a desirable tube flux profile
for the reactor tubes and receiver studied in this project would reach a flux of at
least 2W/cm2 within 100mm of the tube inlet, and not drop below 0.5W/cm2 by
the exit. Clearly there will be a maximum desirable concentrated flux either due to
unfavourable heat losses or excessive material stress in the reactor tubes, however
this turning point was not encountered in the experiments in this project, and is
still an unknown.
The flux profiles for the 77mm radius cylinder (3.7º half cone) and the 7.5º half cone
receiver resulted in reactor tube temperature profiles with higher temperatures at
the inlet than for the 17.5º half cone receiver – above 500ºC and mostly above 550ºC.
This meant that sufficient energy (in the form of the enthalpy of the ammonia) was
available for the exothermic dissociation of ammonia earlier in the reactor tube, so
the reaction could continue at a faster rate for a greater length of tube. Hence higher
conversion efficiencies and lower losses were achieved.
More specifically, the tube temperature profile for the 3.7º half cone began at a
maximum at the tube inlet from approximately 550 – 600ºC, and decreased linearly
along the length of the reactor tube. The reactor tubes for the 7.5º half cone re-
ceiver reached higher peak temperatures (600–700ºC), but not until around 160mm
from the tube inlets. Most likely there is an even better tube temperature profile
possible. Either a linearly declining profile as per the 3.7º half cone but with a
higher maximum, or a cubic polynomial as per the 7.5º half cone but with the max-
imum closer to the tube inlet. Presumably there is a point at which temperatures
close to the aperture could be too high and cause higher thermal losses and higher
receiver losses. But as per the flux profile discussion, such a turning point was not
encountered in the experiments in this project.
In summary, for the reactor tubes and receivers studied in this project, receiver
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geometries that shift a concentrated solar flux of at least 2W/cm2 to within 100mm
of the inlet of the reactor tubes result in higher conversion efficiencies because they
result in higher temperatures at the tube inlet and a faster reaction rate is achieved
for a greater length of the reactor tube.
6.1.2. Receiver Geometry for Other Dish Concentrators
Although masking the small dish to a 9m2 area in these experiments was designed to
investigate the receiver design for a rim angle of 50º, the small resultant geometric
concentration ratio (300) means that care must be taken when interpreting the
results for application to dish concentrators with much higher concentration ratios.
As our case in point, the 489m2 SG4 Dish equally has a rim angle of 50º, but
it has a geometric concentration ratio of 2,240. To apply the finding on shifting
concentrated solar flux along the reactor tubes to dish concentrators with much
higher concentration ratios, the following points should be kept in mind.
The findings for the 9m2 dish and receivers show that a concentrated solar flux of at
least 2W/cm2 within 100mm of the inlet of the reactor tubes is desirable. However,
peak fluxes of 7–13 times this value (13–26W/cm2) were obtained for the conceptual
receivers modelled with the 489m2 SG4 Big Dish. It is reasonable to expect that
the minimum flux at the tube inlet should be somewhat higher than 2W/cm2 to
account for increased losses through the larger aperture of the receiver for the 489m2
dish and still ensure that a fast reaction rate is achieved almost immediately from
the tube inlet. Nonetheless peak fluxes of 13–26W/cm2 present a very different
realm of operation, and it remains to be seen if high flow rates would be sufficient
to maintain viable tube wall stresses. In addition, the peak fluxes of 13–26W/cm2
are an average flux for the circumference of the reactor tube at that distance along
the tube. Therefore the peak flux at the point on the circumference perpendicular
to the incoming concentrated light will be higher than this range. If flow rate was
not sufficient to maintain viable tube wall stresses, alternative receiver geometries
would be necessary that reduced the peak flux on the tubes. Both yield stress of
the reactor tubes, and expected reactor lifetime including cycle fatigue are factors
to consider for the tube wall stresses.
A separate point of consideration is that the heat losses from the 489m2 dish receiver
will represent a much smaller percentage of energy entering the receiver than was
the case for the 9m2 dish. For example, the increase in natural convection loss
associated with solar altitude is much more pronounced for the small masked dish
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as a proportion of incident energy, whereas it is quite minor for dish concentrators
with high geometric concentration ratios. Similarly, conduction and radiation losses
for the small masked dish account for a larger fraction of incident energy although at
constant temperature there is little (conduction) or no (radiation) increase in losses
associated with solar altitude.
6.2. Future Investigations
Following from the findings of this project, several avenues remain for investigation
into receiver geometry and performance, and more general system operation for the
ammonia thermochemical storage system. These can be split into two categories:
specific extensions of this project; and “bigger picture” investigations.
6.2.1. Specific Extensions to this Project
These can be summarized as follows:
• Refinement of receiver convection and conduction loss calculations, and con-
sideration of transient effects.
• Development of a computational ammonia receiver/reactor model that couples
both the chemical reaction and heat transfers to and from the receiver.
• Use of this coupled computational model to evaluate additional ammonia re-
ceiver geometries.
• Development of a computational ammonia heat exchanger model so that solar-
to-chemical losses and efficiencies can be determined computationally in addi-
tion to receiver losses and efficiencies.
6.2.1.1. Refinement of Receiver Heat Loss Calculations
In this project, much attention was paid to modelling the radiation losses from the
cavity receiver with the varying reactor tube arrangements. However, further refine-
ment of the convection and conduction loss calculations remain as future avenues of
investigation, as outlined below. In addition, consideration of transient effects (heat-
ing up and cooling down the receiver and heat exchanger) would allow more accurate
matching with experimental data from the beginning and end of experimental runs
– for example in the early morning and late afternoon.
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Natural Convection Losses
Notwithstanding the substantial computational fluid dynamics (CFD) study on nat-
ural convection losses carried out by Paitoonsurikarn (2006, 2011), a few improve-
ments could nonetheless be made to the calculation of natural convection losses from
cavity receivers with varying internal arrangements of reactor tubes.
Firstly, in the 3.7º and 7.5º half cone receivers, the reactor tubes were situated
in the middle of the cavity, quite apart from the insulated walls of the cavity. It
remains to be determined whether convection losses at a given temperature change
significantly in this arrangement, both from the cavity walls and from the reactor
tubes. Paintoonsurikarn’s CFD modelling assumed that the cavity interior was free
of obstructions, and did not specifically model losses from distinct reactor tubes.
However, perhaps in future receiver designs with reactor tube half cone angles in
the range of 3.7º-7.5º, the air gap between the cavity walls and the tubes would
be filled with insulation. In this case the new, more acute-angled cavity shape
could instead be modelled for natural convection losses, and an allowance made for
the tube temperature to differ from the wall temperature due to the endothermic
reaction taking place.
Secondly, as noted in Section 5.6.4, interpolating natural convection losses from the
computational fluid dynamics modelling results of Paitoonsurikarn gives approxi-
mately zero convection losses from 75º to 90º solar altitude. In reality while natural
convection losses above 75º solar altitude will be low, they will not be zero or slightly
negative. Taumoefolau (2004) suggested that these convection losses could be ap-
proximated by using the receiver aperture area and the Nusselt correlation number
for the lower side of a heated plate, which is well-established (Incropera et al., 2007).
Natural convection losses at high solar altitudes is an area that should be considered
in future studies of convection losses from cavity receivers.
Forced convection losses
As noted in earlier discussions, low free-stream wind speeds were experienced during
the experiments in this project. For the experiments conducted in the optimal mass
flow ranges all measurements were less than 2.8m/s, and the wind speed at the re-
ceiver aperture was expected to be reduced due to shading by the dish. Hence forced
convection losses were omitted from the energy balance in this project. However,
standard “plant” operation of a dish would include operation during higher wind
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speeds, and thus investigation into forced convection losses with varying internal re-
ceiver geometries is warranted to complement the natural convection investigations
suggested above.
Previous investigations into forced convection losses from cavity receivers have been
conducted by authors such as Clausing (1983), Siebers and Krabel(1984), Ma (1993),
Taumoefolau et al. (2004), Taumoefolau (2004), Paitoonsurikarn (2006), and Prakash
et al. (2009). There is considerable variation in the correlations; a summary is pre-
sented by Wu et al. (2010). Therefore if CFD modelling was conducted for natural
convection losses from either cavities with obstructing tubes or cavities with a more
acute-angled cavity (e.g. if wall insulation were added to meet the reactor tubes
with smaller half cone angles), a useful extension would be to also model forced
convection losses. As noted by Paitoonsurikarn (2006), in such an investigation, the
turbulent viscosity chosen for simulations is an important factor for mimicking the
turbulence of wind experienced in practice.
Conduction Losses
In Section 5.3.1.1, conduction losses through the frustum-shaped cavity walls were
calculated by equating the conduction losses through the insulation to the convec-
tion losses off the outer surface of the receiver. Al-Arabi and Khamis’ correlation for
natural convection losses from the outer surface of cylinders was used for this cal-
culation. This correlation was developed by investigating long, thin cylinders. For
future work modelling conduction through cylindrical receiver walls and the associ-
ated external convection, it may be worthwhile investigating correlations determined
by authors such as Oosthuizen and Mansingh (1986) or Kalendar (2011) for short
inclined cylinders, which include edge effects. Forced convection from these outer
walls could also be modelled. Meanwhile for experimentally based work, if resources
are available, the ideal situation would be to have a scattering of thermocouples on
the external cavity walls, between the insulation and outer casing.
More generally, the conduction loss calculations would also benefit from a finer detail
finite element model – for example the frustum walls of the cavity were only split
into 4 segments in this investigation.
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6.2.1.2. Coupled Chemical and Heat Loss Receiver/Reactor Computational
Model
The energy balance and heat transfer calculations developed in Chapter 5 could be
used to fully couple a computational model of the chemical reaction with a com-
putational heat loss model. The chemical reaction component of the model would
be based on the existing newre5.for code discussed in Section 4.1. Such a cou-
pled model would allow the prediction of steady state temperature profiles, heat
losses and ultimately receiver efficiencies, based on concentrated solar flux as the
sole model input – as per the ray-trace profiles produced in Section 2.2. Transient
effects could be added at a later stage if desired. This would allow faithful simu-
lations of integrated heat transfer and chemical reaction in the receiver/reactor for
systems using ammonia thermochemical storage, no matter the concentrator used.
As discussed previously, the coupled computational model developed by Paitoon-
surikarn did not simulate reaction extents faithfully for any concentrator other than
the unmasked 20m2 dish.
The first step of development would be to re-arrange the energy balance from Chap-
ter 5 so that the boundary of the steady state energy balance is the outer wall
of the reactor tubes. Currently the boundary for the energy balance is the exits
of the receiver – i.e. the piping inlets and exits, the cavity walls and the receiver
aperture. The results of the energy balance with re-defined boundaries at the outer
wall of the reactor tubes should still be consistent with the existing energy balance
results, in an additive fashion. The reactor tube cone angle should also feature as
a parameter in the re-arranged energy balance. Reactor tube cone angle is used as
a parameter for the radiation heat transfers presented in Section 5.2. However, as
discussed above, the effects on convection losses would need to be studied in more
detail before implementing a more general cone-angle-dependent energy balance.
Once heat transfers to and from an average reactor tube are determined, the net of
these would be used on a per-area basis for q˙outer wall for the energy balance for a small
section of reactor tube as per Equation 4.6 (repeated below here) and Figure 4.3.
A seperate calculation would be necessary for the heat transfer from the ammonia
flowing through the hollow inner tube to the cataylst bed in the annular tube –
q˙inner wall. The change in enthalpy of the product/reactant mix, H2 −H1, would be
determined by the exisiting newre5.for chemical reactor code.
H2 −H1 = q˙outer wall + q˙inner wall (6.1)
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This finite element model would then be solved in an iterative fashion until both the
temperature profiles and heat transfers converged. From the experimental results
presented in this project, there is a large body of data for each of the three receiver
cone angles studied. For each receiver geometry, we know the expected temperature
profiles and receiver losses for a given solar altitude and insolation. Therefore the
model could be calibrated by re-creating the same experimental conditions (e.g.
solar altitude, insolation, flow rate) in the simulation.
6.2.1.3. Evaluation of Alternate Receiver Geometries
Using the coupled computational model described above, many more receiver geome-
tries could be evaluated than the three studied in this project. The computational
model would be used in conjuction with ray-trace results for the concentrated solar
flux profiles on the reactor tubes. Indeed such a computational model could be
used to evaluate receiver geometries on the basis of receiver losses and efficiency for
larger concentrators such as the 489m2 SG4 Dish concentrator at the ANU. The
temperature profiles produced could also be used to evaluate stress conditions on
the reactor tubes.
The evaluation could consider not only cone angle and tube placement, but also pa-
rameters such as reactor tube length and tube annulus dimensions, number of reactor
tubes and cavity and aperture dimensions. The exact receiver design would vary
for different applications, depending on both reactor tube design, and concentrator
design – for example, concentration ratio and rim angle. The simulations would
allow screening of geometries without having to spend time and money constructing
and testing every receiver geometry. Once promising geometries were identified from
these simulations, a prototype receiver or receivers could be constructed to verify
the simulation results with experiments.
6.2.1.4. Computational Heat Exchanger Model
In addition to evaluating receiver efficiencies, it is also useful to evaluate the overall
solar-to-chemical efficiencies that are achievable with the receiver geometries sim-
ulated. For this to be possible, it would be necessary to develop a computational
model of the ammonia heat exchanger. As seen in the experimental results in this
project, even if a given receiver geometry has a higher receiver efficiency, the solar-
to-chemical efficiency may be lower than for another receiver due to heat exchanger
operation.
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The heat exchanger model would need to include the phase-change of the ammonia,
and thus some spatial resolution of the heat exchanger operation would be neces-
sary. A finite element approach could be used, or a moving-boundary model could be
developed, which would have reduced computational expense. Perhaps some ther-
modynamics code from newre5.for could be recycled, though without the reaction
component. Once the heat exchanger model was complete, simulations of the heat
exchanger operation could be run in tandem with simulations of the receiver/reactor
to determine an overall solar-to-chemical efficiency.
Improvements could certainly also be made to the performance of this heat exchanger
itself, and these could be studied using the computational heat exchanger model with
varying configurations (tube length, tube-in-tube versus shell and tube, etc).
6.2.2. “Big Picture” Investigations
Looking at the results of this thesis in the broader context of CSP, several questions
follow, such as:
• How can receiver geometry improvements be applied to other receiver and
concentrator types?
• In cases where convection losses dominate receiver losses, how can these be
reduced?
• Could ammonia thermochemical storage ever be commercially viable?
• Are dishes more suited to a higher-value use than electricity generation?
The first three of these points are discussed below.
6.2.2.1. Receiver Geometry Improvements for Other Systems
Neither dish systems nor ammonia thermochemical storage are in widespread use.
However, receiver geometry improvements are important for all CSP systems whether
thermochemical or not, because they have the potential to increase efficiency with
little change in the cost of manufacture and construction. Thus analagous investi-
gations on receiver geometry could equally be applied to commercial concentrating
solar systems – central receiver (tower) plants, and troughs.
For example for external cylindrical receivers at surround-field central receiver plants,
receiver height and diameter need to be designed taking into account the beam sizes
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and pointing error of the heliostat field. If the receiver is too small there will be ex-
cessive spillage losses, but if it is too large there is an increased area for heat losses.
Here, as in this project, a key result is a favourable tube flux profile which must be
balanced between heat transfer and tube wall stresses. In a more “outside-the-box”
approach, finned cylindrical receivers have also been proposed in an effort to reduce
convection losses.
Experimental CSP systems, especially ones involving cavity receivers or with parallel
tube flow would also benefit from receiver geometry investigations analagous to the
those described in this project.
6.2.2.2. Reduction of Natural Convection Losses
A further aspect of reducing receiver losses would be to specifically target natural
convection losses. Natural convection losses were identified in this project as the
dominant receiver loss at low and mid solar altitudes. These losses will reduce as a
fraction of incoming energy for a high geometric concentration ratio dish. However,
if they are the dominant loss mechanism as likely is the case for a cavity receiver, it
is worthwhile investigating methods to reduce these losses.
A novel solution being investigated by some researchers in the field is an active air
curtain which is blown across the receiver aperture to counteract convection losses.
This would add complexity to the receiver design and operation, so as with any
engineering system, a trade-off between the cost of such a solution and the benefit
of reduced convection losses would be needed. Quartz windows have also been
suggested, however convection losses would nonetheless occur outside the window
at a window temperature that would be close to the cavity average, and optical
transmission losses would also need to be evaluated. In addition, operating quartz
windows at high temperature poses a new cracking and safety risk.
6.2.2.3. Commercial Viability of Ammonia Thermochemical Storage
This thesis has discussed improvements in receiver geometries for the ammonica
thermochemical storage system. However, central to determining whether this sys-
tem progresses to a commercial stage or not are the questions of:
• Is there an economical method of storing the nitrogen and hydrogen product
gases?
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• Is the added complexity of having chemical reactors in the receiver and heat
recovery system outweighed by some benefit of the ammonia storage system?
In the current global context, molten salt storage technology has been operating
commercially since 2008 in trough plants (Andasol-1) and since 2011 in central
receiver plants (Gemasolar). Thus given a commerical storage option already exists
for CSP plants, a cost-competitive storage system for the nitrogen and hydrogen
product gases is a prerequisite to ammonia thermochemical storage progressing into
the commercial space.
The challenge is that high pressure storage would be required to store the product
gases at a reasonable volume and also to store at a pressure close to the system
operating pressure: 10-30 MPa or ~100-300 atmospheres. A solution that has been
proposed in the past is to employ long lengths of large diameter pressure piping
(commonly used by the natural gas industry) as the storage volume. However, the
storage volume addressed in this way becomes the second most significant contrib-
utor to overall system cost – after the solar collector field – and as a consequence,
questions remain about the economic viability. It would also be necessary to deter-
mine whether such high system pressures could be economic in the long-term – will
pressure vessels need to be replaced during the plant life, for example.
Underground storage of gases has also been proposed. Such storage however would
be limited to sites at which co-location of solar resource, suitable underground cav-
erns and grid connections all exist. If high storage pressures are not viable, one
would need to find whether an alternative exists – for example storing the product
gases in porous “solid state” storage cartridges.
On the topic of chemical reactors, the use of a thermochemical storage system adds
complexity to both the receiver and heat recovery system (heat exchangers) for
the CSP plant. Whereas in a molten salt system these would both just involve
heat transfer, in a thermochemical storage system a chemical reaction must also be
controlled in both locations. This would only be worthwhile if there was some added
benefit to using ammonia thermochemical storage.
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Appendix A.
Ammonia Level Meter
The change in level of ammonia in the storage vessel was measured using a differen-
tial pressure transmitter. The following paragraph is an extract from Kreetz et al.
(2009) describing this measurement:
The liquid level of the 20 L pressure vessel is measured with a Rosemount Smart
pressure transmitter (model 1151 HP-4-S-22-B1-M4-17). Using the relationship
pvessel, bottom = ρgh+ pvessel, top
the liquid height h can be measured[.] To measure the true level a pressure tap is
made at the top of the vessel and applied to the low-pressure side of the differential
pressure transmitter. With the high-pressure side of the transmitter tapped into the
bottom of the pressure vessel, the resulting differential pressure will be proportional
to liquid height multiplied by the liquid specific gravity.
Further details are given in Kreetz et al. (2009).
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Appendix B.
Improvements and Modifications to
the Ammonia Laboratory
This section gives a brief description of improvements and modifications made to
the solar ammonia laboratory by the author, with help from various members of
the ANU Solar Thermal Group, most often Mr Greg Burgess. Many of these im-
provements were necessary just to allow experimental data collection to continue.
In addition, day-to-day maintenance of the laboratory was also carried out by the
author, including:
• Replacement of the piston pump o-ring, after every few experiments.
• Replacement of the ammonia supply tank. As the ammonia synthesis loop
was not in operation, 34 kg cylinders of ammonia from BOC need to be fitted
to the ammonia inlet pipe after every few experiments.
• Refilling the storage vessel. As only one of the 20L pressure vessels was oper-
ational, it was necessary to refill this in middle of day in summer.
• Leak detection and replacement of various valves.
• Replacement of Swagelock fittings on piping.
These maintenance procedures are detailed in theManual for the Ammonia Thermo-
chemical Laboratory Kreetz et al. (2009). New safety equipment was also purchased
for the laboratory including an ammonia leak detector and an extra breathing hood
with compressed air. The improvements made to the solar ammonia laboratory by
the author follow. Additionally, a diagram is given depicting the movement of the
receiver arms to align the focus with the new receiver aperture plane for the 7.5º
and 3.7º half cone receiver geometries.
245
B. Improvements and Modifications to the Ammonia Laboratory
B.1. Data Logging System
In January 2009, the data logging system in the solar ammonia laboratory ceased
to function. This was a Chessel 4500 expandable rack-based system Kreetz et al.
(2009). This was subsequently replaced by the author with a DataTaker DT80
DataTaker (2005) and two CEM20 expansion modules, pictured in Figure B.1 (the
third CEM20 expansion module was used for the biomass gasification apparatus
also located in the shed). Initially, significant noise issues were encountered with the
logging of thermocouple readings from outside the shed – including all thermocouples
in the receiver and heat exchanger. The eventual solution chosen was to fit a small
capacitor from each of the positive and negative wires of each data couple to the
earth, thus forming a low-pass RC filter when combined with the inherent resistance
in the data wire. This solution is illustrated in B.2.
Figure B.1: The new DataTaker DT80 data logging equipment installed in 2009.
246
B.2. Anemometer and Wind Direction Measurement
Figure B.2: Capacitors installed for noise reduction on all data couples from outside the
shed. The green wires lead to the earth. The central blue and yellow wires form one
positive/negative datacouple pair, while the outer orange and yellow wires form another
positive/negative datacouple pair.
B.2. Anemometer and Wind Direction Measurement
Prior to the experiments detailed in this thesis, wind speed had not been logged con-
tinuously during solar ammonia dissociation experiments. The author thus installed
an anemometer and wind vane that were logged continuously by the DataTaker
during experiments. These were situated on the roof which was level with the solar
ammonia laboratory (Figure B.3). The anemometer had been re-calibrated by the
company Motion Sensors in the spring of 2008.
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Figure B.3: The anemometer (white) and wind vane (black) installed on the roof which
was level with the solar ammonia laboratory. The masked dish is located just to the
left of this photo.
B.3. Back Pressure Regulator
Prior to the experiments undertaken for this project, the system pressure during
solar ammonia dissociation could vary by more than 4MPa within a single steady
state data reading (approximately 5 minutes), as shown in Figure B.4a. It was
desirable to examine operation at a constant system pressure, and hence a Pressure
Tech back pressure regulator was installed at the vent for the 20 L storage vessels
(Figure B.5). The back pressure regulator prevented the pressure in the 20L storage
vessel, and also further back up the line at the receiver, from exceeding a set point –
around 11MPa at the storage vessel. The pressure during this method of operation
is shown in Figure B.4b.
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B.3. Back Pressure Regulator
(a) Pressure at the storage vessel without a back pressure regulator during a steady state experiment
conducted by Paitoonsirkarn on 31st March 2005 Paitoonsurikarn (2006). The pressure at the
receiver tracks this pressure closely – generally within 1MPa.
(b) Pressure at the receiver inlet and outlet, and storage vessel with a back pressure regulator
during a steady state experiment conducted by the author on 29th January 2010. The spikes in
pressure correspond to momentary closing of the vent valve for the 20L vessel to take a reading
of the ammonia level in the vessel.
Figure B.4: System pressures during steady state experiments with and without the back
pressure regulator installed at the storage vessel.
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(a) The back pressure regulator installed at the vent for the 20L storage vessel.
(b) The back pressure regulator (circled in pink), alongside the 20L high pressure storage vessels.
Only the right-most vessel was operational during these experiments.
Figure B.5: The installed back pressure regulator for the 20L high pressure storage vessel.
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B.4. Pyrheliometer
The Eppley pyrheliometer (Kreetz et al., 2009) – used to measure the direct normal
insolation during experiments – was designed to operate independently with its own
polar-axis tracking system. However, this was not tracking properly during the
experiments for this project1, and so the pyroheliometer was instead attached to the
rim of the little dish, so that the dish itself would provide the tracking mechanism
for the pyroheliometer. This meant that dish tracking error could not be easily
quantified, but according to measurements by Paitoonsurikarn (2006), the worst
case loss due to tracking error was less than 0.5% of total incident solar energy.
Figure B.6: The pyroheliometer (left) and shadow stick (right) attached to the rim of the
little dish. These can also be seen at the bottom of the masked dish in the photo in
Figure 3.1.
B.5. Adjustable Spring-loaded Plate for Shadow Stick
The tracking system for the 20m2 dish concentrator (9m2 masked) was based on
closed loop control with feedback from a shadow stick with phototransistors mounted
in four positions (top, bottom, left, right) around its base (Kreetz et al., 2009). The
shadow stick was mounted on the bottom rim of the dish, perpendicular to the
aperture of the dish, as shown in Figure B.6. When the shadow stick was parallel
1Originally it was thought that there was too much play in the gears of the tracking mechanism
for proper functioning. However, it was later found that there was an electronic timer installed
in the pyroheliometer tracking mechanism, and this was why the tracker did not work.
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to the incoming solar radiation, all four phototransistors received equal amounts of
light and no tracking adjustment was required. But as the sun changed position,
a shadow would fall on two of the four phototransistors, and the dish azimuth and
altitude tracking would adjust until all four phototransistors again received equal
amounts of light. It was therefore quite important that the shadow stick be mounted
exactly perpendicular to the dish aperture – otherwise the shadow stick could be
pointing exactly parallel to the incident solar radiation, but the focus of the dish
would not be centred on the receiver aperture. To aid in centering the dish focus,
the shadow stick was mounted to the bottom rim of the dish with an adjustable
spring plate pictured in Figure B.7. As the two plates in this mount were separated
by bolts surrounded springs, a small adjustment of one bolt – for example a quarter
turn – would lead to a very slight change in angle of the shadow stick, and this
allowed the dish focus to be accurately centred.
Figure B.7: The shadow stick mounted to the rim of the little dish with an adjustable
spring plate to fine-tune tracking alignment.
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B.6. Ladder and Work Platform
B.6. Ladder and Work Platform
In order to work safely at the height of the receiver, the author purchased and
assembled a large ladder with work platform shown in Figure B.8.
Figure B.8: Ladder with work platform.
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B.7. Shifting the Receiver Arms
As discussed in Section 3.1.3, during experiments with the 7.5º and 3.7º half cone
receiver geometries, it was necessary to shift the receiver arms away from the dish
so that the receiver was a few centimetres further from the dish and the dish focus
still coincided with the receiver aperture. In order to move the receiver arms, the
bolts clamping the receiver arm to the dish were loosened, and a mallet was used
to knock the arm forward in the direction indicated in Figure B.9. This procedure
was repeated on each of the three receiver arms, and then in an iterative fashion the
dish was operated pointing to the sun to verify that there was minimum spillage on
the shield, and the arms adjusted if necessary. The author was assisted by Mr Geoff
Major to accomplish this.
Dish
Receiver
arm
Figure B.9: The direction of receiver arm movement.
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Appendix C.
Pseudo Steady State Assumption
This Appendix provides details on the assumption of pseudo steady state receiver
operation over short 10-15 minute intervals as used in the analyses in this thesis.
Experimental data from 29th January 2010 with the 17.5º receiver geometry is used.
The idea is to compare, over the 10-15 minute interval, the energy going into heat
the receiver metal compared to the energy stored in the product gases and the energy
lost as receiver losses, as the latter two are the quantities examined in this thesis.
First we examine the thermal mass of the receiver. The three receiver configurations
used in the experiments are described in Section 3.1.3. As the purpose of the receiver
cavity insulation is to resist the conduction of heat, we will focus on the metal
components of the receiver – the receiver tubes and header. These components
were manufactured from Inconel 625 alloy. To be complete, the thermal mass of
the catalyst within the tubes should also be included. However, information on
the density of the catalyst is not available at this time, so given that the metal
components are by far the dominant thermal mass in the receiver, we will proceed
with the mass of these components.
Table C.1 gives the break-down of the Inconel masses within the receiver, with the
total weight being 15.2 kg. Table C.2 gives the specific heat capacities for the tem-
perature range in question for the experimental data from 29th January 2010. Den-
sity and specific heat capacity values are from Special Metals Corporation (2004).
Given the Inconel mass of 15.2 kg, and the average heat capacity of 550.5 J/kg.ºC,
the energy required to increase the Inconel temperature by 1ºC during the experi-
ment was on average 8.37 kJ/ºC.
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Component Dimensions Volume
(cm3)
Density
(g/cm3)
Mass
(kg)
Reactor Tubes 20 tubes x 53 cm Length x pi x ( 1.36
cm Outer Diameter x 0.28 cm Wall
Thickness + 0.32 cm Inner Diameter x
0.09cm Wall Thickness)
1,364.0 8.44 11.51
Feeder Tubes 40 tubes x 60 cm Length x pi x 0.32 cm
Inner Diameter x 0.09cm Wall
Thickness
217.1 8.44 1.83
Header pi x 10 cm diameter x 10cm height x
70% solid mass
219.9 8.44 1.86
Total 15.20
Table C.1: Inconel component masses for the receiver.
Temperature Specific Heat Capacity (J/kg.ºC)
538 ºC 536
649 ºC 565
Average 550.5
Energy required to increase
temperature of receiver metal
by 1ºC
8.37 kJ/ºC
Table C.2: Specific heat capacities for Inconel-625.
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The energy stored in the receiver metal with mass m, specific heat capacity cp and
temperature T over a 10-15 minute interval is given by:
Energy receiver metal = mcp
(
Ttubes, (i+ 1) − Ttubes, i
)
(C.1)
Here the temperature change in question is the temperature increase in the metal
of the receiver (average tube temperature) over the 10-15 minute interval. For the
experiment on 29th January 2010, the receiver tube temperatures were continually
increasing slowly over the course of a few hours, and hence the energy was being
stored in, rather than released from the metal.
To calculate the energy stored in the product gases, the enthalpy of the product
gas mixture exiting the receiver is compared to the enthalpy of the ammonia as it
enters the receiver. This is described in more detail in Section 3.2. The calculation
of energy lost as receiver losses is given in Section 3.3.
A comparison of energy going into heat the receiver metal, compared to the energy
stored in the product gases and the energy lost as receiver losses is given in Table C.3
for all the pseudo steady state intervals for the experiment on 29th January 2010.
Given the very low percentages of the energy stored in the metal compared to the
energy stored in product gases or the energy lost from the receiver, (maximum 3.5%),
the pseudo steady state assumption for receiver operation is reasonable. In future
work the energy stored in or released from the receiver metal could be incorporated
into the energy balance for greater accuracy.
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Time Avg
Solar
alti-
tude
for
interval
(º)
Avg
Tube
Temp
In-
crease
(ºC)
Energy
stored
in
metal
(kJ)
Energy
increase
in
product
gases
(kJ)
Energy
stored in
metal as
% of
energy in
products
Receiver
losses
(kJ)
Energy
stored in
metal as
% of
receiver
losses
9:54:59 - - - - - - -
10:05:44 43.5 6.9 57.74 1651.2 3.50% 2275.2 2.54%
10:15:59 45.6 5.4 45.49 1609.3 2.83% 2147.7 2.12%
10:25:59 47.6 5.3 44.47 1654.0 2.69% 2065.6 2.15%
10:35:38 49.5 4.7 39.45 1693.9 2.33% 1905.4 2.07%
10:53:21 52.2 3.8 32.08 3177.7 1.01% 3457.4 0.93%
11:06:44 55.2 7.3 60.81 2411.5 2.52% 2679.3 2.27%
11:15:46 57.3 4.9 41.08 1735.7 2.37% 1710.2 2.40%
11:25:41 59.1 2.7 22.27 1911.6 1.16% 1867.7 1.19%
11:35:38 60.9 3.0 24.79 1954.2 1.27% 1841.2 1.35%
11:45:37 62.6 2.1 17.53 1982.4 0.88% 1834.6 0.96%
11:55:33 64.3 0.6 5.20 1975.0 0.26% 1818.9 0.29%
12:05:33 65.9 3.4 28.58 2024.5 1.41% 1814.3 1.58%
12:15:26 67.3 1.3 11.19 2026.7 0.55% 1750.5 0.64%
12:25:30 68.7 0.9 7.89 2036.8 0.39% 1808.4 0.44%
12:36:32 70.0 2.4 20.00 2261.5 0.88% 1970.8 1.01%
12:46:05 71.0 3.2 26.97 1982.7 1.36% 1683.0 1.60%
12:55:27 71.8 2.0 16.71 1922.1 0.87% 1671.5 1.00%
Table C.3: Energy storage comparisons for the pseudo steady state intervals in the exper-
iment on 29th January 2010 with the 17.5º receiver geometry.
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Appendix D.
Pressure Sensor Drift
Figure D.1 shows the pressure at the receiver inlet and outlet, and storage vessel
during a steady state experiment conducted by the author on 29th January 2010.
The simplified order of these points in the ammonia flow circuit is: pump, receiver in,
receiver out, storage vessel. Therefore, we would expect the pressure at the receiver
inlet (blue curve in Figure D.1) to be higher than the pressure at the receiver outlet
(red curve in Figure D.1) due to the drop in pressure across the catalyst bed and
other flow restrictions in the receiver. The curves for this experiment are in the
reverse order (other experiments had them in the expected order), and this suggests
that one or both signals had drifted. Tests in May 2002 showed that when pressures
were equalised in sections of the system, pressure values varied by up to 2MPa
at different transducers. Recalibration was attempted in 2009, but could not be
performed as the balancing separator – used to measure masses of ammonia – was
not functioning.
During the experiment in Figure D.1, the manual pressure gauge at the storage
vessel inlet agreed with the pressure transducer at the same point to within the
reading error of the gauge. There was only a small pressure drop from the receiver
outlet to the pressure vessel inlet, and in addition, the pressures at the receiver inlet,
outlet and storage vessel were all within 0.2MPa of each other during steady state
operation in this experiment, and similarly for other experiments. This suggests
that the approximate figure for the receiver inlet and outlet pressures is satisfactory,
but that small differences in pressure should not be given much significance.
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Figure D.1: A zoomed-in view of the pressure at the receiver inlet and outlet, and storage
vessel with a back pressure regulator during a steady state experiment conducted by the
author on 29th January 2010. This is the same data as in Figure B.4b, but zoomed-in
on the vertical pressure axis.
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Appendix E.
Paitoonsurikarn’s Long Wave
Radiation and Loss Factor
This Appendix describes the method of calculating two terms specific to the energy
balance for the annular receiver tube using nomenclature as per Paitoonsurikarn
(2006) in Equation 4.7 – the long wave radiation incident on the reactor tubes(
q”t,LW
)
, and the loss fraction fl. The loss fraction accounts for both conduction
losses through the cavity walls, and convection losses from the inside cavity walls
to air inside the receiver (as opposed to convection losses from the tubes out of the
cavity).
E.1. Computation of long wave radiation incident on
tubes
In Section 5.2.2, the author calculates the long wave radiation incident on the
reactor tubes by calculating separate view factors for the reactor tubes and cavity
walls. However, Paitoonsurikarn (2006) did not calculate separate view factors for
the tubes and walls, and hence compensated by calculating q”t,LW as outlined below.
The long wave radiation is calculated as if there are no conduction or convection
losses from the cavity walls. Therefore the (1− fl) term is included in Equation 4.7
to account for these losses.
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E.1.1. Long wave radiation for the 17.5º receiver configuration
and unmasked 20m2 dish
Paitoonsurikarn (2006) hypothesised that if the inner cavity walls were perfectly
insulating (adiabatic), and there was no convection loss from the inner walls of
the cavity to the air within the cavity, then the long wave radiation incident on
the tubes could be approximated by ray-tracing at solar wavelength for walls with
100% diffuse reflectivity, and walls with 60% reflectivity (emissivity of 0.4), and
taking the difference between the two flux profiles. The resulting tube flux profile
and difference are shown in Figure E.1 for the original receiver configuration (17.5º
half cone angle) and unmasked 20m2 dish, as determined by Paitoonsurikarn. For
implementation in the newre7 Fortran code, the linear fit to the difference between
the two flux profiles is used. This is given in Equation E.1.
q˙”t,LW = 19.16− 0.025x (E.1)
where q˙”t,LW is the absorbed long-wavelength flux density in kW/m2 at the distance
of x in mm from the aperture. In the alternate units used in the newre7 Fortran
code of W/cm2 and x in cm, Equation E.1 becomes
q˙”t,LW = 1.916− 0.025x (E.2)
This approximated long wave radiation q˙”t,LW is then modified by multiplying by
(1− fl), where fl is the loss fraction – an empirically-derived quantity to account
for both conduction losses through the cavity walls, and convection losses from the
inside cavity walls to air inside the receiver. The derivation of this fraction is given
in Section E.2.
E.1.2. Long wave radiation for the 17.5º receiver configuration
and masked 9 m2 dish
As discussed in Section E.1.1, the long wave radiation (q˙”t,LW ) for the unmasked
20m2 dish was calculated by Paitoonsurikarn using OptiCAD ray-tracing at solar
wavelength for both cavity walls with 100% diffuse reflectivity, and walls with 60%
262
E.1. Computation of long wave radiation incident on tubes
(a) Flux profiles for the reactor tubes obtained by ray-tracing with different reflectivities for the cavity
walls. The receiver is in the original receiver configuration (17.5º half cone angle) and the dish
unmasked (20m2). The top flux profile is for a 100% diffusely reflective cavity wall, while the red
profile with open circles is for the base case with 60% diffusely reflective cavity wall – emissivity
of 0.4. (Image from Paitoonsurikarn.)
(b) The longwave flux profile
(
q˙”t,LW
)
for the original receiver configuration (17.5º half cone angle)
and unmasked 20m2 dish. This is obtained by taking the difference between the flux profiles for
the 100% reflective cavity wall and the 60% reflective cavity wall in Figure E.1a. The line of best
fit for this data gives Equation E.1. (Image from Paitoonsurikarn.)
Figure E.1: Determination of the approximate long wave radiation
(
q˙”t,LW
)
for the original
receiver configuration (17.5º half cone angle) and unmasked 20m2 dish. (Images from
Paitoonsurikarn.)
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reflectivity (emissivity of 0.4), and taking the difference between the two flux profiles.
This was multiplied by a factor (1− fl), where fl is the loss fraction (Equation E.5),
accounting for both conduction losses through the wall insulation, and convection
loss from the insulation surface to the air inside the cavity. In the newre7 Fortran
source code, the expression
(
(1− fl) q˙”t,LW
)
is hard-coded into the code itself, rather
than being an input specified in the input file. This is detailed in AppendixF.3.
Of course, masking the dish to the 50º rim angle and resulting area of 9m2 dra-
matically changes the flux profile of long wave radiation incident on the receiver
tubes, as well as its magnitude. Changes are also caused by any subsequent change
to the receiver geometry. As noted at the introduction to this Appendix, in Section
5.2.2 the author calculates the long wave radiation incident on the reactor tubes by
calculating separate view factors for the reactor tubes and cavity walls. However,
for comparison to Paitoonsurikarn’s results for the 20m2, here the author calculates
the approximate long wave radiation
(
q˙”t,LW
)
for the original receiver configuration
(17.5º half cone angle) and masked 9m2 dish using the same method as Paitoon-
surikarn. That is, one raytrace was performed at solar wavelength for cavity walls
with 100% diffuse reflectivity, and another with walls with 60% reflectivity (emissiv-
ity of 0.4), and the difference between the two flux profiles was taken. The results
for the 9m2 dish and 17.5º half cone receiver configuration are shown in Figure E.2,
with the expression for q˙”t,LW given in Equations E.3 and E.4.
q˙”t,LW = −2.2325 + 0.027852x (E.3)
In Equation E.3, q˙”t,LW is in kW/m2 , and the distance x in mm. Converted to the
units used in the newre7 Fortran code of W/cm2 and x in cm, this becomes
q˙”t,LW = −0.22325 + 0.027852x (E.4)
By comparing Figures E.2 and E.1, we can see that even keeping the receiver
configuration constant, the approximate long wave flux profile q˙”t,LW for the receiver
tubes is markedly different for the full 20m2 dish, and for the masked 9m2 dish.
The slope of the long wave flux profile for the 20m2 dish is negative, while for the
9m2 dish it is positive. Futhermore, the peak long wave flux for the 20m2 dish is
1.6 times larger than for the 9m2 dish: 19.16 kW/m2 compared to 11.69 kW/m2. In
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addition, due to the 50º rim angle of the masked 9m2 dish, the absolute flux profiles
in Figure E.2a are negligible until a distance of around 65mm along the receiver
tubes. All in all, this gives an area under the curve for approximate long wave flux
profile q˙”t,LW of 6.46 kW/m for the unmasked 20m2 dish - 2.6 times larger than the
2.45 kW/m for the 50º rim angle masked 9m2 dish.
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(a) Flux profiles for the reactor tubes for the original receiver configuration (17.5º half cone angle)
and masked 9 m2 dish. One raytrace was performed with the cavity wall reflectivity set to 100%
(blue diamonds), while the other was performed with the cavity wall reflectivity set to 60% (open
circles). The 60% reflectivity raytrace is identical to the flux profile for the 17.5º half cone receiver
configuration in Figure 2.12.
(b) The longwave flux profile
(
q˙”t,LW
)
for the original receiver configuration (17.5º half cone angle)
and masked 9 m2 dish. This is obtained by taking the difference between the flux profiles for the
100% reflective cavity wall and the 60% reflective cavity wall in Figure E.2a.
(c) The same longwave flux profile
(
q˙”t,LW
)
as in Figure E.2b, but with correct units for its line of
best fit to be used in the newre7 Fortran source code.
Figure E.2: Determination of the approximate long wave radiation
(
q˙”t,LW
)
for the original
receiver configuration (17.5º half cone angle) and masked 9 m2 dish.
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E.2. Computation of the Loss Fraction (fl)
As described above, the approximate long wave radiation incident on the reactor
tubes q˙”t,LW is calculated by neglecting both conduction losses through the wall
insulation, and convection loss from the insulation surface to the air inside the
cavity. Thus to account for these two loss mechanisms, q˙”t,LW is multiplied by a
factor (1− fl), where fl is the loss fraction1. Paitoonsurikarn (2006) calculated the
loss fraction empirically for the original receiver with 17.5º half cone angle. From 16
sets of steady state experimental data, all of the input variables for the simulation
were known, except for the loss fraction. These included mass flow rate (m˙), inlet
pressure and temperature (Pr,in and Tr,in), insolation (qsol), dish reflectivity (ρ), and
inclination (ϕ). For each given set of experimental data, simulations were carried
out using the known experimental inputs, while the loss fraction fl was varied to
match the output reaction extent to the corresponding experimental value. The loss
fractions obtained by this method were plotted against cavity inclination (Figure
E.3), and an expression for the loss fraction as a function of cavity inclination was
derived as given in Equation E.5. The inclination ϕ is in degrees.
fl = 0.693− 0.0023ϕ (E.5)
In reality, the loss fraction should be a function of temperature, and not solely
inclination.
1Also known as LFACTOR in the newre7 Fortran code.
267
E. Paitoonsurikarn’s Long Wave Radiation and Loss Factor
Figure E.3: Determination of the loss fraction fl as a function of cavity inclination. (Graph
from Paitoonsurikarn (2006).)
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Appendix F.
Newre files
Chapter 4 discussed the theory behind both of the computational models for ammo-
nia receiver/reactors, developed by Lovegrove (newre5) and Paitoonsurikarn (newre7)
respectively. Newre5 is the computational model for the chemical reaction in the re-
actor tubes, and is thoroughly tested. This model required boundary conditions on
the tube wall as input. Newre7 includes a heat loss energy balance for the receiver to
allow simulation of the reaction extents at steady state given only the concentrated
solar flux profile on the receiver tubes as inputs. However, it has severe limitations
on its applicability, as discussed in Section 4.3.3.
Figures 4.1 (page 98) and 4.4 (page 100) describe the overall algorithms for newre5
and newre7 respectively. Here the source code and example input and output files
are provided electronically on the attached USB, along with some auxiliary files and
additional documentation on the newre5 model as per Lovegrove (1992c).
F.1. How to run newre7
In batch mode, the executable is run via newre7.bat, which deletes the output files
out1.nr7 to out3.nr7, and then runs the executable newre7.exe with the files listed
in newre7.dat as input and output. The file out1.nr7 gives summary and program
monitoring information. Out2.nr7 gives average properties with respect to axial
position along the reactor tube – this is the output file most frequently used for
displaying results from the simulations. Out3.nr7 gives radial profiles of temperature
and reaction extent – i.e. from the centre of the reactor tube or inner wall to the
outer wall. Further details of each output file can be found in Lovegrove (1992c)
(provided electronically), as they are based on the output files for newre5.
269
F. Newre files
F.2. How to compile newre7
The newre7.for Fortran source code is written in Fortran 77. The compiler used
for this project was a series of executable files supplied by the previous PhD stu-
dent, Sawat Paitoonsurikarn. These files included: F77.BAT, F1.EXE, F2.EXE, F3.EXE,
F3S.EXE, FL.EXE, F1.ERR, F23.ERR, FL.ERR, LLIBFORE.LIB, CHKLIST.MS.
There was also a file called LINK.EXE, but this had to be renamed (so the compiler
couldn’t find it) in order to successfully compile the Fortran source code.
The source code was compiled by putting it in the same folder as the above-listed
files, opening a command line window (such as msys), changing directories (cd) to
the one containing the above files, and entering the command:
f77 newre7.for
F77.BAT calls the executable F1, (which probably calls F2, F3 etc), but the file F77
also specifies some options – which are instructions on how to compile the Fortran
source code.
F1/option/option/option...
Object files are placed in local/temp directory before linking them to make the
executable and then deleting the object files.
It was also necessary to delete all of the DINTs (a legacy form of AINT) in the original
newre7.for code for this compiler to work. DINT or AINT are used to truncate a
number to an integer. The library (.lib) file for this is missing from these files,
however Paitoonsurikarn misused DINT to try and convert numbers to double point
integers, so it was ok to simply delete all of the DINTs from the newre7.for source
code.
Other Fortran compilers could be used instead, such as Compaq Visual Fortran
or Force. However for any compiler it is important that the compiler options are
specified correctly – for example, ignore line length errors.
F.3. Newre7 Energy Balance
In the newre7 Fortran source code, lines 359 to 370 in the subroutine DATAINPUT
(extract below) and the subroutines Convflux, Radflux and Influx implement the
energy balance for a small section of reactor tube as described in Equation 4.7 on
page 101. Lines 359 to 370 from the subroutine DATAINPUT read as follows:
C*** PLUS DIFFUSE RADIATION
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IF(KIT1.NE.O) THEN
FLUX(3,J)=FLUX(3,J)+(1.916D0-0.0025D0*10.0D0*FLUX(1,J))*
& (1.0D0-LFACTOR)*(INSO/1000.0D0)*(REFLECT/77.50D0)
FLUX(3,J)=FLUX(3,J)-CFLUX(J)-RFLUX(J)
IF(KIT2.NE.O) THEN
FLUX(2,J)=FLUX(2,J)+IFLUX(J)
ENDIF
The expression (1.916D0-0.0025D0*10.0D0*FLUX(1,J)) is the long wave radiation q˙”t,LW
from Equation 4.7 that would be incident on the tubes if the cavity walls were
perfectly insulated and lost no energy via convection. This represents Equation
E.2. The factor (1.0D0-LFACTOR) represents (1-fl) from Equation 4.7, where fl is the
loss fraction, accounting for both conduction losses through the cavity walls, and
convection losses from the cavity walls. Both q˙”t,LW and fl are described in Section
4.2 and Appendix E.
Once the long wave radiation component has been added to the array column rep-
resenting the solar flux on the outside of the reactor tube FLUX(3,J), the computed
convection and radiation losses from the subroutines Convflux, Radflux are sub-
tracted:
FLUX(3,J)=FLUX(3,J)-CFLUX(J)-RFLUX(J)
Then the flux profile on the inner surface of the reactor tube, is calculated:
FLUX(2,J)=FLUX(2,J)+IFLUX(J)
This is due to heat transfer from the exiting product mix in the inner hollow of the
reactor tube, as illustrated in Figure 4.2, and is used as a boundary condition to
calculate the enthalpy change in the product/reactant mix that is calculated by the
newre5 core routine. This is depicted in the algorithm in Figure 4.4.
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Appendix G.
Miscalibration of Paitoonsurikarn’s
Receiver/Reactor Computational
Model (newre7)
For input into the newre7 computational receiver/reactor model, Paitoonsurikarn
(2006) obtained a reactor tube flux profile for the unmasked 20m2 dish with the
original receiver configuration of 17.5º half cone angle, as per the method presented
in Section 2.2. Paitoonsurikarn’s flux profile for the unmasked 20m2 dish is shown
below in Figure G.1. This is compared to both a new OptiCAD raytrace of the
unmasked 20m2 dish performed by the author; and to the flux profiles for various
receiver geometries and the masked 9m2 dish from Figure 2.12 (page 34). Given
that the mirror aperture area is 20m2 for the unmasked dish and only 9m2 for the
masked dish, we would expect the total integrated power under the flux profile for
the 20m2 dish to be roughly double that for the 9m2 dish, for the same receiver
configuration. However, as shown by the integration results in Table G.1, the total
power for 20 reactor tubes using Paitoonsurikarn’s flux profile for the 20m2 dish is
not even close to double that for the 9m2 dish – 5,405W vs 4,298W. Meanwhile, the
total power for the ray trace of the unmasked 20m2 dish performed by the author is
approximately double that of the 9m2 dish, being 8,961W and 4,298W respectively.
The ratio is not exactly 20:9, as changing the rim angle affects the proportion of
concentrated rays that hit the reactors tubes directly near the receiver aperture.
Paitoonsurikarn (2006) accurately calibrated his OptiCAD model to an experimen-
tal flux profile from the receiver aperture of the unmasked 20m2dish, choosing a
2mrad slope error, as shown in Figure G.2. Therefore we can expect that the
dish model used in his OptiCAD ray-traces was appropriate. Indeed, the OptiCAD
model of the masked 9m2dish used by the author in this investigation was based
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(newre7)
on Paitoonsurikarn’s model, but using only the inner 15 rings of mirror facets. Per-
haps Paitoonsurikarn may have inadvertently used a sun source with around half
the power required during his reactor tube flux profile ray-trace, yielding the lower
than expected reactor tube flux profile.
If the newre7 receiver/reactor computational model was calibrated by Paitoon-
surikarn for a reactor tube flux profile at just over half of its true magnitude, it
is not surprising that the simulation results for the masked 9m2 dish, shown in Fig-
ure 4.7 (page 106), overestimate the experimental results by such a large margin.
Figure G.1: Average reactor tube flux profiles for: the 20m2 dish and receiver with 17.5º
half cone angle as ray-traced by Paitoonsurikarn; the same as ray-traced by the author;
the 9m2 dish concentrator and five different receiver geometries, as shown previously
in Figure 2.12.
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Flux profile Integrated power per
cm circumference of
reactor tube (W/cm)
Total power on 20
reactor
tubes (W)*
9m2 dish 52.7 4,298
20m2 dish (Paitoonsurikarn) 66.2 5,405
20m2 dish (Dunn) 109.8 8,961
Table G.1: Integrated power under reactor tube flux profiles for various OptiCAD ray-
traces for the receiver configuration with 17.5º half cone angle. *The circumference of
one tube modelled as a hexagonal prism is 4.08 cm.
Figure G.2: Calibration of OptiCAD model for the 20m2 by Paitoonsurikarn.
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Appendix H.
Estimation of cavity wall
temperature near manifold
As discussed in Section 5.1, limited experimental data was available for cavity wall
temperatures in this project. In particular, the thermocouple for the cavity wall
temperature near the manifold, denoted as “Cavity Bottom” (point A in Figure 5.7)
did not function during any of the experiments in this project. This thermocouple
had however functioned during early experiments conducted by Paitoonsurikarn
(2006) with the receiver in the original 17.5º half cone configuration. He presents a
linear fit of his data which allowed him to estimate the temperature at this location
in later experiments in which the thermocouple “Cavity Bottom” did not function1.
This fit is of the form
Tcav,bot = a+ bTtube,av (H.1)
where constants a and b depend on the solar altitude φ, and are given in Table H.1,
and Ttube,av is the average of the 20 thermocouple readings from approximately 20 cm
along each tube, as illustrated in Figure 3.31a. However, when this fit is applied
to experimental data from this project, a dip in the Tcav,bot values is observed at
50-55º solar altitude. An example for the experiment with the 17.5º half cone
angle conducted on 10th February 2010 is shown in Figure H.1, with the estimated
“Cavity Bottom” temperature plotted alongside the average tube temperature, and
temperatures 7-1 and “Solar Reactor Exit” which are also located near the apex of
the cavity.2
1Paitoonsurikarn (2006), p 556, Appendix C.
2Thermocouple 7-1 is located on the outer surface of reactor tube 7, close to the manifold,
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φ (deg) a (K) b (K/K)
30 51.42 0.85
40 25.71 0.85
50 0.00 0.85
55 0.00 0.84
60 -345.02 1.27
65 0.00 0.88
70 0.00 0.92
Table H.1: Constants for Paitoonsurikarn’s fit for the temperature measured by thermo-
couple “Cavity Bottom”, as per H.1.
Figure H.1: Temperature estimates for “Cavity Bottom” using Paitoonsurikarn’s Equation
H.1 and constants from Table H.1, for the experiment on 10th February, 2010 with 17.5º
half cone angle. The external temperature at the end of the reactor tube (7-1), and the
temperature at the solar reactor exit are included in the plot for comparison as they
are in the same vicinity as thermocouple “Cavity Bottom”.
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This dip in the temperature for “Cavity Bottom” does not appear to have a real
physical basis, so the raw data on which Paitoonsurikarn’s fit was based was exam-
ined. Figure H.2 plots the temperature measured by Paitoonsurikarn at “Cavity
Bottom” in experiments from December 2001 to July 2002 both alongside (Figure
H.2a) and against (Figure H.2b) the average tube temperature (corresponding to
Ttube,av in Equation H.1). From the data available, the temperature at “Cavity
Bottom” does not appear to depend on solar altitude, however there appears to
be a linear relationship between “Cavity Bottom” and average tube temperature,
as shown in Figure H.2b. In the absence of more data, this relationship, given
in Equation H.2, was used to re-predict the “Cavity Bottom” temperature for the
experiment on 10th February 2010. This is marked by the black plus signs in H.3.
Again, the new “Cavity Bottom” estimate is plotted alongside the average tube
temperature, and temperatures 7-1 and “Solar Reactor Exit” which are also located
near the apex of the cavity.
Tcav,bot = −118.62 + 1.0375Ttube,av (H.2)
Given that an estimate for the “Cavity Bottom” temperature also needed to be de-
veloped for the receiver in the 7.5º and 3.7º configurations, a more general fit was
desired, because the relationship between the average tube temperature and “Cavity
Bottom” temperature may not be the same for these other receiver geometries. An
average of temperatures 7-1 and “Solar Reactor Exit” was examined as an alterna-
tive estimate for Cavity Bottom, as these thermocouples are also located near the
apex of the cavity. Figure H.3 shows this alternative estimate in pink triangles,
superimposed on the estimate from Equation H.2. The agreement between the two
estimates is quite good – being ±2%. Therefore Equation H.3 is used to estimate
the temperature at “Cavity Bottom” in Chapter 5.
Tcav,bot =
T7−1 + TSR,exit
2 (H.3)
corresponding to point D in Figure 3.31a on page 80. The thermocouple “Solar Reactor Exit”
is located at the apex of the receiver, after the exit from the manifold, but immediately before
exiting the cavity receiver through the insulation towards the heat exchanger. See Figure 3.13.
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(a) (b)
Figure H.2: Raw data from Paitoonsurikarn (2006) for the temperature measured at “Cav-
ity Bottom” during experiments in which this thermocouple was functioning from De-
cember 2001 to July 2002. First the temperature at “Cavity Bottom” is plotted along-
side the average tube temperature for the same experiments, with respect to solar
altitude (a). Then the temperature at “Cavity Bottom” is plotted as a function of the
average tube temperature (b).
Figure H.3: A comparison of “Cavity Bottom” calculations, one using the linear fit from
Equation H.2, and the other using the average of thermocouple 7-1 and “Solar Reactor
Exit”. Experimental data from 10th February, 2010 with 17.5º half cone angle.
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Appendix I.
Experimental Data & Temperature
Files
Summary experimental data is given on the accompanying USB for each of the
experiments at optimal mass flow rate (Appendix I.1). The data includes: solar
altitude, mass flow rate, dissociation rate, reaction extent, average of ~20 tube
thermocouples at 20 cm, insolation, solar-to-chemical efficiency, system losses, re-
ceiver efficiency, receiver losses, windspeed, receiver pressure, heat exchanger inlet
and outlet temperatures, external temperature at the end of the reactor tube (7-1),
estimated tube outlet temperature. The experiments detailed are:
• two experiments for the 17.5º receiver (10th Feb, 29th Jan).
• three experiments for the 7.5º receiver (16-26th Mar, 11th Mar, 16th Mar
at a different flow rate). The experiment on 11th March was missing some
thermocouple readings.
• two experiments for the 3.7º receiver (30th April, 14th May).
Tube and cavity wall temperature profiles from each experiment are given in a sepa-
rate file (Appendix I.2). This file also contains synthesized “constant” temperature
profiles used to generate the predicted receiver loss curves in Section 5.6.
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Appendix J.
View3D Code and Files
This material for this Appendix is supplied on an accompanying USB stick. It
contains code listings and input/output files for all of the programs associated with
using View3D for view factor and radiation transfer computations, as described in
Section 5.2.2. The content is outlined below.
J.1. Input and Output Files for Simple Truncated
Pyramids
This section contains input and output (view factors and radiation transfer) files for
the simple cavity geometries shown in Sections 5.2.2.1.4 on page 127 and 5.2.2.1.5
on page 131.
The .vs3 input files describe the geometry in terms of vertices, triangles and rect-
angles for input to View3D. View3D then computes the geometric view factors as
output. The .vs3 input file can be opened in a text editor. Note that in the .vs3
input file, when a surface or facet is being defined, the vertices must be named in a
“right-hand rule” sense, as only one side of the surface will be counted as interacting
with the system. In the case of the cavity walls described here, all surfaces should
point inwards to the centre of the cavity. However, when reactor tubes are added
in J.4, for these surfaces to point to the inside of the cavity, they need to point
“outwards”.
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J.1.1. Hexagonal Pyramid
J.1.1.1. Input File
J.1.1.2. Geometric View Factor File
The contents for the geometric view factor file are as follows:
• Row 1: Header.
• Row 2: Areas for each of the four surfaces (combining facets) in cm2. (The
units here depend on the units used to describe the geometry in the .vs3 file.)
• Rows 3-6: View factors for each of the four surfaces.
From left to right and top to bottom, these are: manifold (1); cavity walls (2); front
shield (3); aperture(4). These geometric view factors were used in Table 5.3 on
page 130.
• Row 7: Surface emissivities.
J.1.2. Octagonal Pyramid
J.1.2.1. Input File
J.1.2.2. Geometric View Factor File
Similarly to the geometric view factor file in Section J.1.1.2, a description of the
contents for the following file is as follows:
• Row 1: Areas for each of the seven surfaces (combining facets) in m2.
• Rows 2-7: View factors for each of the seven surfaces.
From left to right and top to bottom, these are: cavity wall ring 1 (near aperture);
cavity wall ring 2; cavity wall ring 3; cavity wall ring 4 (near manifold); manifold
(5); front shield (6); aperture(7).
• Row 8: Surface emissivities.
These geometric view factors calculated computationally using View3D can be com-
pared to those calculated analytically for a frustum split into seven surfaces in
Section 5.2.1.1 on page 118.
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J.1.2.3. Grey View Factor File
The content of the grey view factor file follows the same order as the geometric view
factor file, with the addition of a header line.
J.1.2.4. Radiation Output File
This file shows the output from running Viewht with the grey view factors as input.
The radiation transfers listed in this output file were used in Section 5.4 on page 132.
The temperatures for each surface are from experimental data from a run with the
17.5º half cone receiver geometry on 10th February 2010, at a solar altitude of 67.6º.
J.1.3. 20-sided Pyramid
J.1.3.1. Input File
J.1.3.2. Geometric and Grey View Factor Files
The geometric and grey view factor files each consist of a 140× 140 matrix.
• 20side_7surface_geomVFs_m2_emits_no_header.txt
• 20side_7surface_greyVFs.txt
J.1.3.3. Radiation Output File
J.2. Commands for Using View3D and Associated
Programs
The commands used in a command shell to execute the View3D program and as-
sociated programs are listed below, and also provided on the accompanying USB
stick.
1 # To run view3d , type these commands into MinGW shell ... .....
2 # See notebook 6 notes from 6/9/2011 and 8/11/2011.
3 -------------------------------------------------------------------
4 # First open the ... .cavity3d.cpp code in the view3d -32/ examples
folder
5 # alter number of tubes , rows , cols , other geometric features , then
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6 # save. See notebook 6 notes from 17/5/2011 (centrefold).
7 -------------------------------------------------------------------
8 # Go down a directory level into the view3d -32 folder
9 cd view3d -32
10
11 # Build/compile the cpp code using the 32-bit coin 3d etc.
12 # First check you have saved the file in this folder , not just in #
rebecca/view3d files!!
13 # Also check the SConscript file has a line something like:
14 # cav_env.Program('17-5 deg_cavity3d ',['17-5 deg_cavity3d.cpp '])
15 # And make sure the end of the file name is .exe because this is
what you # are asking it to make.
16 scons examples/cavity3d.exe
17 scons examples /17-5 deg_cavity3d.exe
18 scons examples /20 side_7surface_cavity3d.exe
19
20
21 # Or if you want to compile everything in that folder:
22 scons examples
23
24 # Run the cpp program , creating the text input file mycone.vs3
25 # NOTE - .vs3 file will be placed in whatever folder you have cd 'd
to - # view3d -32 in this case).
26 examples/cavity3d.exe
27
28 # View the resulting geometry
29 # Adding "-t" at the end of these commands adds tags in the image.
30 # Adding "-v" just adds vertice tags.
31 # NOTE - Had to comment out the line "C emit 0", hence the # new
file suffix "_for_viewer.vs3" probably due to updating # viewer
on 8th March 2013.
32 viewer mycone.vs3
33 viewer 17-5 deg.vs3
34 viewer examples/Seven_surface/Seven_surface_for_viewer.vs3
35 viewer examples/Seven_surface/Seven_surface.vs3
36 viewer 17-5deg_two -rows_FEperp.vs3
37 viewer examples/Seven_surface /20 side_7surface.vs3
38
39 # Or if the vs3 file is not in the view3d -32 folder:
40 # NB must still be in the view3d -32 folder to view this , but ~
references home folder.
41 viewer ~/view3d/Four_surface_LD_receiver.vs3
42
43
44 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
45 # Change to 64-bit folder to compute view factors.
46 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
47
48 # Go up a level in your directories/folders.
49 cd ..
50
51 # Go down a directory level to view3d folder (has 64-bit compiled
52 # view3d executable which will run without memory error).
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53 cd view3d
54
55 # Calculate view factors using the mycone.vs3 file that you
56 # created in the view3d -32 folder.
57 view3d ~/view3d -32/ mycone.vs3 output.txt
58 view3d ~/view3d -32/ examples/Seven_surface/
Seven_surface_grey_ordered.vs3 Seven_surface_grey_ordered_output
(_2).txt
59 (The output gets put in view3d folder.)
60
61 view3d ~/view3d -32/ examples/Seven_surface/
Seven_surface_geomVF_emit0.vs3 Seven_surface_geomVF_output.txt
62 view3d ~/view3d -32/ examples/Seven_surface/
Seven_surface_greyVF_emit1.vs3 Seven_surface_greyVF_output.txt
63 view3d ~/view3d -32/ examples/Seven_surface /42
_surface_geomVF_emit0.vs3 42 _surface_geomVF_output.txt
64
65 NB: make sure your input file is saved with extension .vs3 from
Notepad ++, otherwise will come up with .vs3.txt
66
67 -----------------------------------------------------------------
68 Grey/Script F View Factors
69 -----------------------------------------------------------------
70 Remove header line in ... output.txt and use this file (minus header
) as input to Matlab file (in the folder rebecca/view3d files)
71 find_scriptF.m
72
73 Paste the header back in and use ... greyVF_output_with_header.txt
as input to viewht as described below
74
75 -----------------------------------------------------------------
76 To compute radiation transfer rates
77 -----------------------------------------------------------------
78 # Check view factor (with header) and surface temperature files are
in msys view3d folder.
79 cd view3d
80
81 # viewht <view factor file > <surface temperature file > <heat flux
output file >
82 viewht Seven_surface_output.txt Seven_surface_temps_10thFeb_67 -6
.txt Seven_surface_10thFeb_67 -6 _rad_output.txt
83
84 viewht Seven_surface_greyVF_output_m2.txt
Seven_surface_temps_10thFeb_67 -6.txt
Seven_surface_greyVF_10thFeb_67 -6 _rad_output.txt
85
86 viewht 42 _surface_greyVF_output_m2_with_header.txt 42
_surface_temps_10thFeb_67 -6.txt 42 _surface_10thFeb_67 -6
_rad_output.txt
87
88 -----------------------------------------------------------------
89 To run multiple times , using Python script
90 -----------------------------------------------------------------
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91 # Check view factor (with header) and surface temperature files are
in msys view3d folder.
92
93 # Grey view factor files are from:
94 # C:\Users\rebecca\Desktop\rebecca\View3d files\for Appendix \17-5
deg_manifold_greyVFs_10thFeb.txt
95 # C:\Users\rebecca\Desktop\rebecca\View3d files\for Appendix \7-5
deg_manifold_greyVFs_16thMar_0 -75 gps.txt
96 # C:\Users\rebecca\Desktop\rebecca\View3d files \3-7 deg test\3-7
_deg_manifold_greyVFs_overnight.txt
97
98 # Surface temperature files are from:
99 # C:\Users\rebecca\Desktop\rebecca\View3d files \17-5deg test\
Temperature files\
100 # C:\Users\rebecca\Desktop\rebecca\View3d files \7-5deg test\
Temperature files\
101 # C:\Users\rebecca\Desktop\rebecca\View3d files \3-7 deg test\
Temperature files\
102 # These temperature files were all made using the contents of
103 # C:\Users\rebecca\Desktop\rebecca\View3d files\Temperature files\
104 # Make_temp_file.m was used to copy the temperature data for each
solar # altitude from the text files for each day in this folder
& arrange it against # surface names in the input format for
viewht.
105
106 cd view3d
107
108 python run_viewht_10thFeb.py (Change txt files called as necessary.
)
109 python run_viewht_29thJan.py (Change txt files called as necessary.
)
110 python run_viewht_16thMar_0 -75 gps.py
111 python run_viewht_16 -26 thMar_1 -25 gps.py
112 python run_viewht_30thApril.py
113 python run_viewht_14thMay.py
114
115 # Adding all radiation transfers for [tubes_0 , walls_0 , tubes_1 ,
walls_1 , # tubes_2 , walls_2 , tubes_3 , walls_3 , manifold ,
front_shield , aperture]
116 # as well as graphing these is done using
117
118 add_rad.m ,
119
120 # e.g. in C:\Users\rebecca\Desktop\rebecca\View3d files \3-7 deg
test\Rad output \14 thMay \14 thMay_wall_temps_linear\
121
122 -----------------------------
123 #Early testing used:
124
125 python dostuff.py
126
127 # Where dostuff.py contains something like
128 # import subprocess as sp
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129 # P = sp.call ([" viewht.exe",infile1 , infile2 ,outfile ])
130
131 # dostuff.py example for seven surfaces is in
132 C:\Users\rebecca\Desktop\rebecca\View3d files\Seven surface\Correct
rows & cols
133 and
134 C:\Users\rebecca\Desktop\rebecca\View3d files\Python wrappers
135
136 # Compare output from seven surfaces dostuff.py to
137 C:\Users\rebecca\Desktop\rebecca\View3d files\Seven surface\
Checking oct Seven surface viewht output.xls
J.3. Matlab script to convert geometric view factors
to script F or grey view factors
In principle, the View3D package should produce grey view factors when the emit
parameter is set to 1. However, due to a problem reading in the control line of the
input (.vs3 ) file, this was not possible. Therefore a Matlab script was written to
convert geometric view factors to script F or grey view factors, according to the
matrix transformations outlined in Section 5.2.2.2 on page 133.
1 % f i n d _ s c r i p t F . m
2
3 % F i n d s c r i p t F ( g r e y ) v i e w f a c t o r s f o r t h e c a v i t y
r e c e i v e r s o t h e s e c a n
4 % b e u s e d t o c o m p u t e r a d i a t i o n t r a n s f e r r a t e s i n v i e w h t .
T h i s f u n c t i o n f o l l o w s t h e m e t h o d o f H o t t e l - Ch 4 "
R a d i a n t H e a t T r a n s m i s s i o n " i n McAdams ( 1 9 5 4 ) , " H e a t
T r a n s m i s s i o n " , McGraw - H i l l S e r i e s i n C h e m i c a l
5 % E n g i n e e r i n g , 3 r d e d i t i o n , p p 6 9 - 7 4 . N o t e t h a t c a r e m u s t
b e t a k e n w i t h
6 % r ow s , c o l u m n s , h o r z c a t a n d v e r t c a t a t e n d o f t h i s c o d e
s o a s n o t t o e n d u p w i t h t h e t r a n s p o s e
7 % o f t h e v i e w f a c t o r m a t r i x .
8
9 f o rma t shortE
10
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11 % Rea d i n o u t p u t f i l e f r o m v i e w 3 d ( m i n u s h e a d e r l i n e ) w h i c h
now c o n t a i n s :
12 % L i n e 1 - s u r f a c e a r e a s ( A )
13 % L i n e 2 o n w a r d - g e o m e t r i c v i e w f a c t o r s ( F i k )
14 % L a s t l i n e - e m i s s i v i t i e s ( e p s )
15 % ! ! ! ! ! NOTE : a ) C h e c k t h i s i s t h e c o r r e c t f i l e n a m e ! ! ! ! !
16 % b ) H e a d e r l i n e f r o m o r i g i n a l o u t p u t f i l e (
V i ew 3D 3 . 5 0 0 1 7 )
17 % mu s t b e r e m o v e d .
18
19 % ALSO CHANGE o u t p u t f i l e name a t b o t t o m
20 % I n p u t = l o a d ( ' 4 2
_ s u r f a c e _ g e o m V F _ o u t p u t _ m o r e _ s i g _ f i g s _ m 2 _ n o _ h e a d e r . t x t ' ) ;
21 % I n p u t = l o a d ( ' 2 0 s i d e _ 7 s u r f a c e _ g e o m V F s _ m 2 _ e m i t s _ n o _ h e a d e r .
t x t ' ) ;
22 % I n p u t = l o a d ( ' 4 2 _ s u r f a c e _ g e o mV F_ o u t p u t _m 2 _ n o _ h e a d e r . t x t ' ) ;
23 % I n p u t = l o a d ( ' S e v e n _ s u r f a c e _ o u t p u t _ m 2 _ n o _ h e a d e r . t x t ' )
24 % I n p u t = l o a d ( ' 1 7 - 5 d e g_ - - g_3 8mm_en c l_ 1_g e omVF s_no h e a d e r . t x t
' ) ;
25 % I n p u t = l o a d ( ' 1 9 _d e g_ g e omVF s_no h e a d e r . t x t ' ) ;
26 % I n p u t = l o a d ( ' 1 9 _ d e g _m a n i f o l d _ J o h n _ g e o mV F s _ n o _ h e a d e r . t x t ' ) ;
27 % I n p u t = l o a d ( ' 8 _ d e g _m a n i f o l d _ g e o mV F s _ n o _ h e a d e r . t x t ' ) ;
28 % I n p u t = l o a d ( ' 3 - 7 _ d e g _ m a n i f o l d _ g e o m V F s _ o v e r n i g h t _ n o _ h e a d e r .
t x t ' ) ;
29
30 % I n p u t = l o a d ( ' 1 9
_ d e g _m a n i f o l d _ J o h n _ g e o m V F s _ 1 0 t h F e b _ n o _ h e a d e r . t x t ' ) ;
31 % I n p u t = l o a d ( ' 1 9
_ d e g _m a n i f o l d _ J o h n _ g e o m V F s _ 2 9 t h J a n _ n o _ h e a d e r . t x t ' ) ;
32 % I n p u t = l o a d ( ' 8 _ d e g _m a n i f o l d _ g e omVF s _ 1 6 t hM a r _ 0 - 7 5
g p s _ n o _ h e a d e r . t x t ' ) ;
33 % I n p u t = l o a d ( ' 8 _ d e g _m a n i f o l d _ g e omVF s _ 1 6 - 2 6 t hMa r_1 - 2 5
g p s _ n o _ h e a d e r . t x t ' ) ;
34 % I n p u t = l o a d ( ' 3 - 7
_ d e g _ m a n i f o l d _ g e o m V F s _ o v e r n i g h t _ 3 0 t h A p r i l _ n o _ h e a d e r . t x t ' )
;
35 % I n p u t = l o a d ( ' 3 - 7
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_ d e g _ m a n i f o l d _ g e o m V F s _ o v e r n i g h t _ 1 4 t h M a y _ n o _ h e a d e r . t x t ' ) ;
36
37 % I n p u t = l o a d ( ' 1 9
_ d e g _ m a n i f o l d _ J o h n _ g e o m V F s _ 1 0 t h F e b _ w a l l s A s T u b e s _ K _ I _ e m i s _ n o _ h e a d e r
. t x t ' ) ;
38 % I n p u t = l o a d ( ' 1 9
_ d e g _ m a n i f o l d _ J o h n _ g e o m V F s _ 1 0 t h F e b _ w a l l s C o n s t _ K _ I _ e m i s _ n o _ h e a d e r
. t x t ' ) ;
39 % I n p u t = l o a d ( ' 1 9
_ d e g _ m a n i f o l d _ J o h n _ g e o m V F s _ 2 9 t h J a n _ w a l l s A s T u b e s _ K _ I _ e m i s _ n o _ h e a d e r
. t x t ' ) ;
40 % I n p u t = l o a d ( ' 1 9
_ d e g _ m a n i f o l d _ J o h n _ g e o m V F s _ 2 9 t h J a n _ w a l l s C o n s t _ K _ I _ e m i s _ n o _ h e a d e r
. t x t ' ) ;
41
42 % I n p u t = l o a d ( ' 8 _ d e g _m a n i f o l d _ g e omVF s _ 1 6 t hM a r _ 0 - 7 5
g p s _ w a l l _ T s _ l i n _ K _ I _ e m i s _ n o _ h e a d e r . t x t ' ) ;
43 % I n p u t = l o a d ( ' 8 _ d e g _m a n i f o l d _ g e omVF s _ 1 6 - 2 6 t hMa r_1 - 2 5
g p s _ w a l l _ T s _ l i n _ K _ I _ e m i s _ n o _ h e a d e r . t x t ' ) ;
44
45 % I n p u t = l o a d ( ' 3 - 7
_ d e g _ m a n i f o l d _ g e o m V F s _ o v e r n i g h t _ 3 0 t h A p r i l _ w a l l _ T s _ l i n _ K _ I _ e m i s _ n o _ h e a d e r
. t x t ' ) ;
46 Input = l o a d ( ' 3 -7
_deg_manifold_geomVFs_overnight_14thMay_wall_Ts_lin_K_I_emis_no_header
. txt ' ) ;
47
48
49 %r o w s = s i z e ( S , d im )
50 rows = s i z e ( Input , 1 )
51 c o l s = s i z e ( Input , 2 )
52
53 % A r e a s i n m2 f r o m v i e w 3 d
54 % A1 A2 A3 A4 A5
A6 A7 e t c
55 % A c c e s s M a t r i x ( row , c o l )
56 A = Input (1 , : ) ;
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57
58 % e p s 1 e p s 2 e p s 3 e p s 4 e p s 5 e p s 6 e p s 7
e t c
59 ep s = Input ( rows , : ) ;
60
61 f o r i= 1 : l e n g t h ( ep s )
62 i f e p s ( i )==1
63 ep s ( i ) =0.999999999;
64 end
65 end
66
67 f o rma t longE
68 % e p s
69
70 f o rma t shortE
71 % G e o m e t r i c v i e w f a c t o r s f r o m v i e w 3 D
72 Fik = Input ( 2 : ( rows - 1 ) , : ) ;
73
74
75 % M a t r i x B f r o m p 7 4 H o t t e l :
76
77 % [ A1F11 - A1 / ( 1 - e p s 1 ) A1F12 A1F13 A1F14 A1F15
A1F16 A1F17 ;
78 % A2F21 A2F22 - A2 / ( 1 - e p s 2 ) A2F23 A2F24 A2F25
A2F26 A2F27 ;
79 % A3F31 A3F32 A3F33 - A3 / ( 1 - e p s 3 ) A3F34 A3F35
A3F36 A3F37 ;
80 % A4F41 A4F42 A4F43 A4F44 - A4 / ( 1 - e p s 4 ) A4F45
A4F46 A4F47 ;
81 % A5F51 A5F52 A5F53 A5F54 A5F55 - A5 / ( 1 - e p s 5 )
A5F56 A5F57 ;
82 % A6F61 A6F62 A6F63 A6F64 A6F65 A6F66 - A6 / ( 1 -
e p s 6 ) A6F67 ;
83 % A7F71 A7F72 A7F73 A7F74 A7F75 A7F76 A7F77 -
A7 / ( 1 - e p s 7 ) ]
84 % e t c f o r l a r g e r m a t r i c e s
85
292
J.3. Matlab script to convert geometric view factors to script F or grey view factors
86 B= [ ] ;
87 % i row , k c o l u m n
88 f o r i = 1 : ( rows - 2 )
89 f o r k = 1 : c o l s
90 i f i==k
91 B( i , k )= A( i ) ∗Fik ( i , k ) - A( i ) /(1 - ep s ( i ) ) ;
92 e l s e
93 B( i , k )= A( i ) ∗Fik ( i , k ) ;
94 end
95 end
96 end
97
98 detB = de t (B)
99
100 % BR=c
101
102 % c=
103 % - AmFm1epsm
104 % - AmFm2epsm
105 % - AmFm3epsm
106 % - AmFm4epsm
107 % - AmFm5epsm
108 % - AmFm6epsm
109 % - AmFm7epsm
110
111 % ( S e e t h e n o t e f u r t h e r on i n t h e c a l c u l a t i o n o f s c r i p t F_mn
on m r o w s a n d
112 % n c o l u m n s . )
113
114 MatrixC = [ ] ;
115
116 f o r m = 1 : c o l s
117 f o r row = 1 : ( rows - 2 )
118 % Ea c h c o l u m n o f t h e f o l l o w i n g m a t r i x i s t h e v e c t o r c
f o r m=1 , m = 2 , . . .
119 % e t c
120 % A c c e s s m a t r i x e l e m e n t M a t r i x ( row , c o l )
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121 MatrixC ( row , m) = -A(m) ∗Fik (m, row ) ∗ ep s (m) ;
122 end
123 end
124
125 f o rma t shortE
126
127 % I n i t i a l i z e M a t r i x R
128 MatrixR = [ ] ;
129 Matrix_F_mn = [ ] ;
130
131 % F i n d mRn - t h e r e f l e c t a n c e v a l u e s n e e d e d t o f i n d s c r i p t
F v i e w f a c t o r s .
132 % S o l v e BR =c f o r mRn .
133
134 f o r m = 1 : ( rows - 2 )
135 % C h o o s e v e c t o r c - t h e m t h c o l u m n o f MatC
136 % ( S e e n o t e on m a n d n i n n e x t f o r l o o p . )
137 % A c c e s s m a t r i x e l e m e n t A ( row , c o l )
138 c = MatrixC ( : , m) ;
139 % S o l v e s y s t e m s o f l i n e a r e q u a t i o n s BR = c f o r R ,
140 % h t t p : / / www . m a t h w o r k s . com . a u / h e l p / m a t l a b / r e f / m l d i v i d e .
h t m l
141 R = B\c ;
142
143 MatrixR = horzcat (MatrixR , R) ;
144 row_F_mn = [ ] ;
145
146 % C a l c u l a t e s c r i p t F v i e w f a c t o r s
147 % N o t e - t a k e c a r e w i t h r o w s , c o l u m n s , h o r z c a t a n d
v e r t c a t s o a s n o t t o
148 % e n d u p w i t h t h e t r a n s p o s e o f t h e v i e w f a c t o r m a t r i x .
149 f o r n = 1 : c o l s
150 F_mn= R(n) ∗ (A(n) /A(m) ) ∗ ( ep s (n) ) /(1 - ep s (n) ) ;
151
152 % T h i s l o o p i s w o r k i n g d own t h e c o l u m n R , s o y o u
w o u l d e x p e c t t o
153 % c o n c a t e n a t e t o a c o l u m n h e r e . H o w e v e r d u e t o m a t r i x
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m u l t i p l i c a t i o n , t h e
154 % s u b s c r i p t s 1 , 2 , 3 , . . . k i n mR1 , mR2 , mR3 , . . . ,
mRk r e f e r t o t h e
155 % n c o l u m n s i n t h e m a t r i x B a n d a l s o i n t h e v i e w
f a c t o r m a t r i x , e v e n
156 % t h o u g h t h e y d e f i n e t h e r o w s f o r v e c t o r R . T h u s we
c o n c a t e n a t e t o a
157 % ROW h e r e s o t h a t i n t h e v i e w f a c t o r m a t r i x , m
r e f e r s t o r o w s a n d n
158 % r e f e r s t o c o l u m n s .
159 row_F_mn = horzcat (row_F_mn, F_mn) ;
160 end
161 Matrix_F_mn = ve r t ca t (Matrix_F_mn , row_F_mn) ;
162 end
163
164 % Ma t r i x_F_mn
165
166 % P r i n t t h e c o n t e n t s o f Ma t r i x_F_mn a l o n g w i t h t h e a r e a s (
f i r s t l i n e ) a n d
167 % e m i s s i v i t i e s ( l a s t l i n e ) s o t h a t a l l t h a t h a s t o b e a d d e d
t o t h i s f i l e i s
168 % t h e h e a d e r l i n e t h a t w a s r e m o v e d f r o m t h e i n p u t f i l e i n
o r d e r t o u s e t h i s
169 % a s i n p u t t o v i e w h t
170 % C h e c k e m i t =0/1 ? ? ?
171
172 % f o r m a t S p e c
173 % h t t p : / / www . m a t h w o r k s . com . a u / h e l p / m a t l a b / r e f / f p r i n t f . h t m l #
i n p u t a r g _ f o r m a t S
174 % p e c
175 format_str ing = '%17.10 e ' ;
176
177 f o r j= 1 : ( co l s - 1 )
178 format_str ing = s t r c a t ( format_str ing , '% 18.10 e ' , ' ' ) ;
179 end
180
181 format_str ing = s t r c a t ( format_str ing , ' \n ' )
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182 s t r i n gCo l s = num2str ( c o l s ) ;
183 % C u r l y b r a c k e t s { } a r o u n d t h e s p a c e mean i t ' s n o t i g n o r e d
b y s t r c a t
184 header = s t r c a t ( 'View3D 3 .5 0 0 0 ' , { ' ' } , s t r i n gCo l s )
185
186 % O p e n i n g w i t h ' wt ' me a n s i t w i l l b e t r e a t e d a s a t e x t f i l e ,
a n d \ n w i l l
187 % a l s o p r o d u c e a c a r r i a g e r e t u r n .
188 f i l e ID = f o p e n ( ' 3 -7
_deg_manifold_greyVFs_overnight_14thMay_wall_Ts_lin_K_I_emis
. txt ' , 'wt ' ) ;
189 % F o rm a t s p e c i f i e r i s w h e r e y o u n e e d t o a d d t h e \ n , NOT i n
t h e s t r i n g
190 % i t s e l f . H e a d e r { : } n e c e s s a r y t o r e a d t h e e n t r i e s a s h e a d e r
i s a c e l l
191 % a r r a y .
192 f p r i n t f ( f i l e ID , '%s\n ' , header { : } ) ;
193 f p r i n t f ( f i l e ID , format_str ing ,A) ;
194 % P r i n t i n g r o w b y r ow ( o t h e r w i s e t r a n s p o s e o f M a t r i x i s
p r i n t e d )
195 f o r row = 1 : ( rows - 2 )
196 f p r i n t f ( f i l e ID , format_str ing ,Matrix_F_mn( row , : ) ) ;
197 end
198 f p r i n t f ( f i l e ID , format_str ing , ep s ) ;
199
200 f c l o s e ( f i l e ID ) ;
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J.4. Input and Output Files for Three Receivers with
Reactor Tubes
In a similar manner to Section J.1, this section presents View3D input files (.vs3 ),
and the C++ functions used to generate these, for the three receiver geometries with
reactor tubes, shown in Figure 5.18 on page 141 – that is the for 17.5º, 7.5º and 3.7º
geometries. The C++ functions were developed by Dr John Pye of the Australian
National University, with further adjustments made by the author. Most of these
files are provided electronically as outlined in Table J.1, but one example C++
function used to generate the input file for the 17.5º geometry is printed here.
As mentioned in Section 5.2.2.3.1, each of these three models consists of 660 facets.
This leads to six 660× 660 matrices of view factors – one of geometric view factors,
and one of grey view factors for each of the three receivers. These are provided
electronically in the text files listed and are also provided in a more readable format
in the Microsoft Excel files of similar names. Note that the geometric view factor
files have had the header removed for input into the find_scriptF.m Matlab function.
Emissivities in the last row of the geometric view factor file were adjusted for cavity
temperatures on a specific day, as per the Figures in Section 5.2.2.3.2. Radiation
output files for these 660 surface-systems have also been provided electronically.
Appendix I on page 281 gives tabulated temperatures for each receiver segment
(tube section 1, wall section 1, front shield etc) for each solar altitude of each day of
experiments. For use with View3D, it was necessary for this data to be formatted
into a text file specifying the temperature for each individual facet (of which there
are 660) of the View3D receiver model. One example temperature input file is given
for each receiver geometry.
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Receiver Geometry (Half cone angle)
Appendix J.4.1 Appendix J.4.2 Appendix J.4.3
17.5º 7.5º 3.7º
C++ Function 17-5deg_cavity3d.cpp 7-5deg_cavity3d.cpp 3-7deg_cavity3d.cpp
.vs3 Input File 17-5deg_manifold.vs3 7-5deg_manifold.vs3 3-7deg_manifold.vs3
Illustrated in Figure 5.18 (a) Figure 5.18 (b) Figure 5.18 (c)
Geometric View
Factors
17-5deg _geomVFs.txt 7-5deg _geomVFs.txt 3-7deg _geomVFs.txt
Grey View
Factors*
17-
5deg_greyVFs_10Feb.txt
7-
5deg_greyVFs_16Mar_
0-75gps.txt
3-
7deg_greyVFs_30Apr.txt
Temperature
Input File*
10thFeb_constant_wall_
temps–67-6.txt
16thMarch_0-
75gps_wall_temps_linear–56-
5.txt
30thApril_wall_temps_
linear–39.txt
Radiation
Output Files*
10thFeb_constant_wall_
temps–67-
6_rad_output.txt
16thMar_0-
75gps_wall_Ts_lin–56-
5_rad_output.txt
30thApril_wall_temps_
lin-
ear–39_rad_output.txt
Table J.1: Various functions and files used to compute radiation transfers for each receiver
geometry. *File categories marked with an asterisk indicate that the file named is one
example from a set.
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J.4.1. 17.5º Geometry
J.4.1.1. C++ Function: 17-5deg_cavity3d.cpp
This C++ function was used to generate the View3D input file (.vs3 ) for the 17.5º
half cone geometry.
1 / ∗
2 P r o g r am t o c r e a t e t h e ANU L i t t l e D i s h c a v i t y g e o m e t r y
f o r e x p o r t t o V i ew 3D .
3
4 We u s e t h e S b V e c 2 d d a t a t y p e f r o m t h e COIN3D l i b r a r y t o
p e r f o r m t h e s i m p l e
5 v e c t o r a l g e b r a i n t h i s c a s e .
6 ∗ /
7 #i n c l u d e <Inventor /SbVec3d . h>
8 #i n c l u d e <Inventor /SbDPRotation . h>
9 #i n c l u d e <Inventor /SbDPMatrix . h>
10
11 c o n s t d oub l e PI = 3.14159265358 ;
12
13 #i n c l u d e <unis td . h>
14 #i n c l u d e <s t d l i b . h>
15
16 #i n c l u d e <st r ing>
17 #i n c l u d e <map>
18 #i n c l u d e <sstream>
19 #i n c l u d e <iostream>
20 #i n c l u d e <fstream>
21 #i n c l u d e <vector>
22 u s i n g namespace std ;
23
24
25 c l a s s Surface3D{
26 p u b l i c :
27 Surface3D ( ) : v1 (0 ) , v2 (0 ) , v3 (0 ) , v4 (0 ) , bas (0 ) , cmb(0)
, emit (0 ) {}
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28 Surface3D ( c o n s t u n s i g n e d &v1 , c o n s t u n s i g n e d &v2 , c o n s t
u n s i g n e d &v3 , c o n s t u n s i g n e d &v4 , c o n s t d oub l e &emit )
29 : v1 ( v1 ) , v2 ( v2 ) , v3 ( v3 ) , v4 ( v4 ) , bas (0 ) , cmb(0) ,
emit ( emit ) {}
30 un s i g n e d v1 , v2 , v3 , v4 ;
31 i n t bas ;
32 i n t cmb ;
33 doub l e emit ;
34 } ;
35
36 v o i d write_vec ( SbVec3d &v) {
37 c e r r << v [ 0 ] << " " << v [ 1 ] << " " << v [ 2 ] ;
38 }
39 #d e f i n e WRITE_VEC(VEC) \
40 c e r r << #VEC << " = " ; \
41 write_vec (VEC) ; \
42 c e r r << endl ;
43
44 / ∗ ∗
45 Add a r e a c t o r t u b e c y l i n d e r t o t h e c u r r e n t s c e n e
46 ( R e a c t o r t u b e s u r f a c e s f a c e " o u t w a r d s " t o w a r d s t h e r e s t
o f t h e c a v i t y i n t e r i o r . )
47
48 I n c a s e o f B==P , a s s u m e a c o n e , a n d c o l l a p s e v e r t i c e s
a c c o r d i n g l y .
49 ∗ /
50 i n t add_cyl inder (map<un s i gn ed , SbVec3d> &v e r t i c e s
51 , map<st r i ng , Surface3D> &su r f a c e s
52 , SbVec3d O, SbVec3d P, SbVec3d A, SbVec3d B
53 , un s i g n e d r , un s i g n e d c
54 , un s i g n e d &n_start
55 , s t r i n g namestem
56 , doub l e emit
57 ) {
58 / / S b V e c 3 d B = A + ( P - O ) ;
59 c e r r << " s t a r t i n g index " << n_start << endl ;
60 un s i g n e d n = n_start ;
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61
62 / ∗ w o r k o u t a t r a n s f o r m , t f 2 , t h a t p u t s O a t o r i g i n , P
a t ( 0 , 0 , | OP | ) a n d
63 A a t ( | OA | , 0 , 0 ) ∗ /
64 SbVec3d Z(0 , 0 , 1 ) ;
65 SbVec3d X(1 , 0 , 0 ) ;
66
67 SbDPMatrix t r ; t r . s e tTran s l a t e ( -O) ;
68 SbVec3d O1 ; t r . multVecMatrix (O,O1) ;
69
70 SbVec3d OP = P - O;
71
72 b o o l i s_cone = (B == P) ;
73
74 WRITE_VEC(O) ;
75 WRITE_VEC(P) ;
76 WRITE_VEC(OP) ;
77 SbVec3d P1 ; t r . multVecMatrix (P, P1) ;
78 WRITE_VEC(O1) ;
79 WRITE_VEC(P1) ;
80 WRITE_VEC(Z) ;
81 SbDPMatrix t f 1 ;
82 i f (P1 . c r o s s (Z) . l ength ( ) > 1e - 6 ) {
83 / ∗ FIXME SOMETHING w r o n g i n h e r e . . . ∗ /
84 c e r r << " r o t a t i on rot1 r equ i r ed " << endl ;
85 SbDPMatrix rot1 ;
86 SbDPRotation ro t1 r (P1 , Z) ;
87 rot1 . se tRotate ( r o t 1 r ) ;
88
89 SbVec3d AX1; doub l e rad ;
90 r o t 1 r . getValue (AX1, rad ) ;
91 c e r r << " r o t a t i on i s " << rad << " around " ;
92 WRITE_VEC(AX1) ;
93
94 t f 1 = t r ∗ rot1 ;
95 } e l s e {
96 t f 1 = t r ;
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97 }
98
99 WRITE_VEC(A) ;
100
101 SbVec3d A1 ;
102 t f 1 . multVecMatrix (A, A1) ;
103 WRITE_VEC(A1) ;
104
105 SbVec3d P11 ;
106 t f 1 . multVecMatrix (P, P11 ) ;
107 WRITE_VEC(P11) ;
108
109 SbDPMatrix t f 2 ;
110 i f (A1 . c r o s s (X) . l ength ( ) > 1e - 6 ) {
111 SbDPMatrix rot2 ; rot2 . se tRotate ( SbDPRotation (A1 , X) )
;
112 t f 2 = t f 1 ∗ rot2 ;
113 } e l s e {
114 t f 2 = t f 1 ;
115 }
116
117 SbVec3d A2 ; t f 2 . multVecMatrix (A, A2) ;
118 WRITE_VEC(A2) ;
119
120 SbVec3d B2 ; t f 2 . multVecMatrix (B, B2) ;
121 WRITE_VEC(B2) ;
122
123 / ∗ i n v e r s e t r a n s f o r m t o p l a c e p o i n t s b a c k a t c o r r e c t
s p o t ∗ /
124 SbDPMatrix i t f 2 ;
125 i f ( t f 2 . det4 ( ) != 0) {
126 i t f 2 = t f 2 . i n v e r s e ( ) ;
127 } e l s e {
128 i t f 2 = SbDPMatrix : : i d e n t i t y ( ) ;
129 }
130
131 WRITE_VEC(B) ;
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132 SbVec3d B0 ; i t f 2 . multVecMatrix (B2 , B0) ;
133 WRITE_VEC(B0) ;
134
135 / ∗ v e c t o r p o i n t i n g a l o n g AB w i t h l e n g t h o f o n e g r i d
e l e m e n t ∗ /
136 SbVec3d ABr2 = (B2 - A2) ∗ ( 1 . / ( r - 1) ) ;
137
138 c e r r << " Ve r t i c e s . . . " << endl ;
139 f o r ( un s i g n e d i = 0 ; i < c ; ++i ) {
140 / ∗ c a l c u l a t i o n r o t a t i o n m a t r i x t o r o t a t e A2 a r o u n d Z
- a x i s ∗ /
141 SbDPRotation ro t (Z , i ∗2 ∗PI/c ) ;
142 SbDPMatrix mat ; mat . se tRotate ( ro t ) ;
143 SbVec3d A2dash ;
144 mat . multVecMatrix (A2 , A2dash ) ;
145 WRITE_VEC(A2dash ) ;
146 / ∗ d i s p l a c e m e n t v e c t o r f o r s u b s e q u e n t r o w s ∗ /
147 SbVec3d ABr2dash ;
148 mat . multVecMatrix (ABr2 , ABr2dash ) ;
149 f o r ( un s i g n e d j = 0 ; j < r ; ++j ) {
150 SbVec3d D2 = A2dash + j ∗ ABr2dash ;
151 SbVec3d D0 ; i t f 2 . multVecMatrix (D2 , D0) ;
152 v e r t i c e s [ n++] = D0 ;
153 }
154 }
155
156 c e r r << " Sur f a c e s . . . " << endl ;
157 / ∗ o u t p u t s i d e s o f t h e c o n e ∗ /
158 f o r ( un s i g n e d i = 0 ; i < c ; ++i ) {
159 f o r ( un s i g n e d j = 0 ; j < r - 1 ; ++j ) {
160 un s i g n e d v1 , v2 , v3 , v4 ;
161 v1 = n_start + r ∗ i + j ;
162 v2 = n_start + r ∗ ( i +1) + j ;
163 v3 = v2 + 1 ;
164 v4 = v1 + 1 ;
165 c e r r << " v e r t i c e s : " << v1 << " " << v2 << " " <<
v3 << " " << v4 << endl ;
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166
167 i f ( i == c - 1) {
168 v2 = n_start + j ;
169 v3 = v2 + 1 ;
170 }
171
172 / ∗ T h i s s t r i n g g i v e s t h e s u r f a c e name t h a t w i l l
a p p e a r a t t h e e n d o f
173 e a c h l i n e i n t h e . v s 3 f i l e .
174 - - I t a l s o s e r v e s a s t h e INDEX f o r e a c h s u r f a c e
i n a r r a y s u r f a c e s [ ] - -
175 So i n t h e f i n a l l i n e s o f c o d e w i t h t i t l e / ∗
o u t p u t t o V i ew 3D f o r m a t
176 t h e s u r f a c e s a r e w r i t t e n i n a l p h a - n u m e r i c o r d e r
a c c o r d i n g t o t h i s
177 s t r i n g . P r e v i o u s l y c c ame b e f o r e r i n t h e s t r i n g
, b u t h a v i n g r f i r s t
178 me a n s t h a t a l l o f t h e f i r s t r o w a r e p r i n t e d
t o g e t h e r , e . g . r 0 c 0 ,
179 r 0 c 1 , r 0 c 2 e t c , w h i c h s i m p l i f i e s t h e t e m p e r a t u r e
i n p u t f i l e .
180 ∗ /
181 s t r i ng s t r eam ss ;
182 s s << namestem << " r " << j << " c " << i ;
183
184 s u r f a c e s [ s s . s t r ( ) ] = Surface3D (v1 , v2 , v3 , v4 , emit
) ;
185 }
186 }
187
188 / ∗ FIXME o p t i o n a l l y a d d end - f a c e s f o r c y l i n d e r ? ∗ /
189
190 / ∗ u p d a t e t h e s t a r t i n g i n d e x f o r s u b s e q u e n t v e r t i c e s ∗ /
191 n_start = n ;
192
193 r e t u r n 0 ;
194 }
304
J.4. Input and Output Files for Three Receivers with Reactor Tubes
195
196 / ∗ ∗
197 Add a r i n g o f c a v i t y w a l l ( c y l i n d e r ) t o t h e c u r r e n t
s c e n e
198 T h i s i s v e r y s i m i l a r t o t h e a d d _ c y l i n d e r f u n c t i o n a b o v e
t h a t c r e a t e s t h e
199 r e a c t o r t u b e s , e x c e p t t h a t t h e c a v i t y w a l l s n e e d t o
p o i n t i n t o t h e c a v i t y ,
200 w h e r e a s t h e r e a c t o r t u b e s n e e d t o p o i n t " o u t w a r d s " .
201
202 I n c a s e o f B==P , a s s u m e a c o n e , a n d c o l l a p s e v e r t i c e s
a c c o r d i n g l y .
203 ∗ /
204
205 i n t add_cyl inder_wal ls (map<un s i gn ed , SbVec3d> &v e r t i c e s
206 , map<st r i ng , Surface3D> &su r f a c e s
207 , SbVec3d O, SbVec3d P, SbVec3d A, SbVec3d B
208 , un s i g n e d r , un s i g n e d c
209 , un s i g n e d &n_start
210 , s t r i n g namestem
211 , doub l e emit
212 ) {
213 / / S b V e c 3 d B = A + ( P - O ) ;
214 c e r r << " s t a r t i n g index " << n_start << endl ;
215 un s i g n e d n = n_start ;
216
217 / ∗ w o r k o u t a t r a n s f o r m , t f 2 , t h a t p u t s O a t o r i g i n , P
a t ( 0 , 0 , | OP | ) a n d
218 A a t ( | OA | , 0 , 0 ) ∗ /
219 SbVec3d Z(0 , 0 , 1 ) ;
220 SbVec3d X(1 , 0 , 0 ) ;
221
222 SbDPMatrix t r ; t r . s e tTran s l a t e ( -O) ;
223 SbVec3d O1 ; t r . multVecMatrix (O,O1) ;
224
225 SbVec3d OP = P - O;
226
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227 b o o l i s_cone = (B == P) ;
228
229 WRITE_VEC(O) ;
230 WRITE_VEC(P) ;
231 WRITE_VEC(OP) ;
232 SbVec3d P1 ; t r . multVecMatrix (P, P1) ;
233 WRITE_VEC(O1) ;
234 WRITE_VEC(P1) ;
235 WRITE_VEC(Z) ;
236 SbDPMatrix t f 1 ;
237 i f (P1 . c r o s s (Z) . l ength ( ) > 1e - 6 ) {
238 / ∗ FIXME SOMETHING w r o n g i n h e r e . . . ∗ /
239 c e r r << " r o t a t i on rot1 r equ i r ed " << endl ;
240 SbDPMatrix rot1 ;
241 SbDPRotation ro t1 r (P1 , Z) ;
242 rot1 . se tRotate ( r o t 1 r ) ;
243
244 SbVec3d AX1; doub l e rad ;
245 r o t 1 r . getValue (AX1, rad ) ;
246 c e r r << " r o t a t i on i s " << rad << " around " ;
247 WRITE_VEC(AX1) ;
248
249 t f 1 = t r ∗ rot1 ;
250 } e l s e {
251 t f 1 = t r ;
252 }
253
254 WRITE_VEC(A) ;
255
256 SbVec3d A1 ;
257 t f 1 . multVecMatrix (A, A1) ;
258 WRITE_VEC(A1) ;
259
260 SbVec3d P11 ;
261 t f 1 . multVecMatrix (P, P11 ) ;
262 WRITE_VEC(P11) ;
263
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264 SbDPMatrix t f 2 ;
265 i f (A1 . c r o s s (X) . l ength ( ) > 1e - 6 ) {
266 SbDPMatrix rot2 ; rot2 . se tRotate ( SbDPRotation (A1 , X) )
;
267 t f 2 = t f 1 ∗ rot2 ;
268 } e l s e {
269 t f 2 = t f 1 ;
270 }
271
272 SbVec3d A2 ; t f 2 . multVecMatrix (A, A2) ;
273 WRITE_VEC(A2) ;
274
275 SbVec3d B2 ; t f 2 . multVecMatrix (B, B2) ;
276 WRITE_VEC(B2) ;
277
278 / ∗ i n v e r s e t r a n s f o r m t o p l a c e p o i n t s b a c k a t c o r r e c t
s p o t ∗ /
279 SbDPMatrix i t f 2 ;
280 i f ( t f 2 . det4 ( ) != 0) {
281 i t f 2 = t f 2 . i n v e r s e ( ) ;
282 } e l s e {
283 i t f 2 = SbDPMatrix : : i d e n t i t y ( ) ;
284 }
285
286 WRITE_VEC(B) ;
287 SbVec3d B0 ; i t f 2 . multVecMatrix (B2 , B0) ;
288 WRITE_VEC(B0) ;
289
290 / ∗ v e c t o r p o i n t i n g a l o n g AB w i t h l e n g t h o f o n e g r i d
e l e m e n t ∗ /
291 SbVec3d ABr2 = (B2 - A2) ∗ ( 1 . / ( r - 1) ) ;
292
293 c e r r << " Ve r t i c e s . . . " << endl ;
294 f o r ( un s i g n e d i = 0 ; i < c ; ++i ) {
295 / ∗ c a l c u l a t i o n r o t a t i o n m a t r i x t o r o t a t e A2 a r o u n d Z
- a x i s ∗ /
296 SbDPRotation ro t (Z , i ∗2 ∗PI/c ) ;
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297 SbDPMatrix mat ; mat . se tRotate ( ro t ) ;
298 SbVec3d A2dash ;
299 mat . multVecMatrix (A2 , A2dash ) ;
300 WRITE_VEC(A2dash ) ;
301 / ∗ d i s p l a c e m e n t v e c t o r f o r s u b s e q u e n t r o w s ∗ /
302 SbVec3d ABr2dash ;
303 mat . multVecMatrix (ABr2 , ABr2dash ) ;
304 f o r ( un s i g n e d j = 0 ; j < r ; ++j ) {
305 SbVec3d D2 = A2dash + j ∗ ABr2dash ;
306 SbVec3d D0 ; i t f 2 . multVecMatrix (D2 , D0) ;
307 v e r t i c e s [ n++] = D0 ;
308 }
309 }
310
311 c e r r << " Sur f a c e s . . . " << endl ;
312 / ∗ o u t p u t s i d e s o f t h e c o n e ∗ /
313 f o r ( un s i g n e d i = 0 ; i < c ; ++i ) {
314 f o r ( un s i g n e d j = 0 ; j < r - 1 ; ++j ) {
315 un s i g n e d v1 , v2 , v3 , v4 ;
316 v1 = n_start + r ∗ i + j ;
317 v2 = v1 + 1 ;
318 v4 = n_start + r ∗ ( i +1) + j ;
319 v3 = v4 + 1 ;
320
321 c e r r << " v e r t i c e s : " << v1 << " " << v2 << " " <<
v3 << " " << v4 << endl ;
322
323 i f ( i == c - 1) {
324 v4 = n_start + j ;
325 v3 = v4 + 1 ;
326 }
327
328 / ∗ T h i s s t r i n g g i v e s t h e s u r f a c e name t h a t w i l l
a p p e a r a t t h e e n d o f e a c h
329 l i n e i n t h e . v s 3 f i l e .
330 - - I t a l s o s e r v e s a s t h e INDEX f o r e a c h s u r f a c e
i n t h e a r r a y " s u r f a c e s [ ] " . - -
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331 So i n t h e f i n a l l i n e s o f c o d e w i t h " t i t l e " / ∗
o u t p u t t o V i ew 3D f o r m a t . . . h o p e f u l l y
332 t h e s u r f a c e s a r e w r i t t e n i n a l p h a - n u m e r i c o r d e r
a c c o r d i n g t o t h i s s t r i n g .
333 P r e v i o u s l y c c ame b e f o r e r i n t h e s t r i n g , b u t
h a v i n g r f i r s t m e a n s t h a t a l l o f t h e
334 f i r s t r o w a r e p r i n t e d t o g e t h e r , e . g . r 0 c 0 , r 0 c 1 ,
r 0 c 2 e t c , w h i c h s i m p l i f i e s t h e
335 t e m p e r a t u r e i n p u t f i l e .
336 ∗ /
337 s t r i ng s t r eam ss ;
338 s s << namestem << " r " << j << " c " << i ;
339
340 s u r f a c e s [ s s . s t r ( ) ] = Surface3D (v1 , v2 , v3 , v4 , emit
) ;
341 }
342 }
343
344 / ∗ FIXME o p t i o n a l l y a d d end - f a c e s f o r c y l i n d e r ? ∗ /
345
346 / ∗ u p d a t e t h e s t a r t i n g i n d e x f o r s u b s e q u e n t v e r t i c e s ∗ /
347 n_start = n ;
348
349 r e t u r n 0 ;
350 }
351
352 / ∗ ∗ C r e a t e t h e a p e r t u r e .
353 I n g e n e r a l t h i s c r e a t e s a p y r a m i d , t e t r a h e d r o n , e t c ( o r
f l a t o n e i n t h i s c a s e )
354 b y c r e a t i n g a ' s t a r ' o f f a c e s t h a t t a k e f o r m f r o m t h e
e d g e s o f a p o l y g o n ( v e r t i c e s
355 a l r e a d y a d d e d , n u m b e r e d p e r ' p e r i m ' ) a n d a n ew v e r t e x 'A
' , a d d e d h e r e .
356
357 ' P a v i l i o n ' i s a t e r m f r o m d i am o n d - c u t t i n g , i t ' s t h e
b o t t o m t a p e r e d p a r t
358 o f a c u t d i a m o n d .
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359 ∗ /
360 i n t add_pavi l ion (map<un s i gn ed , SbVec3d> &v e r t i c e s
361 , map<st r i ng , Surface3D> &su r f a c e s
362 , SbVec3d A
363 , vector<un s i gn ed> &perim / ∗ a l r e a d y a s s u m e d t o b e
a d d e d ∗ /
364 , un s i g n e d &n_start
365 , s t r i n g namestem
366 , doub l e emit
367 ) {
368 i n t n = n_start ;
369 v e r t i c e s [ n++] = A;
370
371 f o r ( un s i g n e d i = 0 ; i < perim . s i z e ( ) ; ++i ) {
372 un s i g n e d v1 , v2 , v3 ;
373 i f ( i == 0){
374 v1 = perim [ perim . s i z e ( ) - 1 ] ;
375 } e l s e {
376 v1 = perim [ i - 1 ] ;
377 }
378 v2 = perim [ i ] ;
379 v3 = n_start ;
380
381 s t r i ng s t r eam ss ;
382 s s << namestem << "_" << i ;
383 s u r f a c e s [ s s . s t r ( ) ] = Surface3D (v1 , v2 , v3 , 0 , emit ) ;
384 }
385
386 n_start = n ;
387 r e t u r n 0 ;
388 }
389
390 / ∗ ∗ C r e a t e t h e t o p o f t h e c a v i t y .
391 T h i s i s v e r y s i m i l a r t o t h e " a d d _ p a v i l i o n " f u n c t i o n
e x c e p t t h a t t o p
392 s u r f a c e s now f a c e i n t o t h e c a v i t y i n t h e r i g h t - h a n d r u l e
s e n s e .
310
J.4. Input and Output Files for Three Receivers with Reactor Tubes
393 ∗ /
394
395 i n t add_pavilion_top (map<un s i gn ed , SbVec3d> &v e r t i c e s
396 , map<st r i ng , Surface3D> &su r f a c e s
397 , SbVec3d A
398 , vector<un s i gn ed> &perim / ∗ a l r e a d y a s s u m e d t o b e
a d d e d ∗ /
399 , un s i g n e d &n_start
400 , s t r i n g namestem
401 , doub l e emit
402 ) {
403 i n t n = n_start ;
404 v e r t i c e s [ n++] = A;
405
406 f o r ( un s i g n e d i = 0 ; i < perim . s i z e ( ) ; ++i ) {
407 un s i g n e d v1 , v2 , v3 ;
408 i f ( i == 0){
409 v2 = perim [ perim . s i z e ( ) - 1 ] ;
410 } e l s e {
411 v2 = perim [ i - 1 ] ;
412 }
413 v1 = perim [ i ] ;
414 v3 = n_start ;
415
416 s t r i ng s t r eam ss ;
417 s s << namestem << "_" << i ;
418 s u r f a c e s [ s s . s t r ( ) ] = Surface3D (v1 , v2 , v3 , 0 , emit ) ;
419 }
420
421 n_start = n ;
422 r e t u r n 0 ;
423 }
424
425 / ∗ ∗ a d d a r o w o f q u a d r i l a t e r a l e l e m e n t s t o a s o l i d o f
r o t a t i o n .
426 @param O o r i g i n o f t h e s o l i d
427 @param OP a x i s o f t h e s o l i d a r o u n d w h i c h r o t a t i o n o c c u r s
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428 @param A c o o r d i n a t e s o f t h e f i r s t n ew v e r t e x t o b e a d d e d
429 @param p e r i m v e r t e x I D s o f t h e p r e v i o u s r o w o f t h e s o l i d
, t h e s e a r e a l l o w e d
430 t o b e non - c o n t i g u o u s
431 @param n _ s t a r t s t a r t i n g ID f o r n ew v e r t i c e s b e i n g a d d e d .
432 @param n e w p e r i m v e r t i x I D s o f t h e v e r t i c e s f o r t h e n e w l y
- c r e a t e d r o w w i l l b e
433 a d d e d t o t h i s v e c t o r , w h i c h i s a s s u m e d t o b e e m p t y
a s - g i v e n .
434 Ad d e d q u a d r i l a t e r a l s w i l l b e
435 p 0 p 1 A ' A
436 p 1 p 2 A ' ' A '
437 p 3 p 4 A ' ' ' A ' '
438 : : : :
439 pn p 0 A ( n ) A ( n - 1 )
440
441 w h e r e A , A ' , A ' ' , . . . A ( n ) a r e t h e r o t a t e d l o c a t i o n s o f A
o b t a i n e d b y
442 d i v i d e d 2 ∗ p i b y p e r i m . s i z e ( ) . We a s s u m e ( b u t d o n o t
c h e c k ) t h a t t h e
443 v e r t i c e s i n d i c a t e d b y p e r i m a r e d i s t r i b u t e d i n t h e s am e
wa y .
444 ∗ /
445 i n t add_rotrow (map<un s i gn ed , SbVec3d> &v e r t i c e s
446 , map<st r i ng , Surface3D> &su r f a c e s
447 , SbVec3d O, SbVec3d OP, SbVec3d A
448 , vector<un s i gn ed> &perim / ∗ a l r e a d y a s s u m e d t o b e
a d d e d ∗ /
449 , vector<un s i gn ed> &newperim
450 , un s i g n e d &n_start
451 , s t r i n g namestem
452 , doub l e emit
453 ) {
454 un s i g n e d n = n_start ;
455 SbDPMatrix t r1 ; t r1 . s e tTran s l a t e ( -O) ;
456 SbDPMatrix t r 1 i = t r1 . i nv e r s e ( ) ;
457 un s i g n e d n_sides = perim . s i z e ( ) ;
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458
459 WRITE_VEC(A) ;
460 SbVec3d A1 ; t r1 . multVecMatrix (A, A1) ;
461 WRITE_VEC(A1) ;
462
463 f o r ( un s i g n e d i =0; i<n_sides ; ++i ) {
464 doub l e theta = 2∗PI / n_sides ∗ i ;
465 SbDPMatrix rot1 ; rot1 . se tRotate ( SbDPRotation (OP,
theta ) ) ;
466 SbDPMatrix t r = tr1 ∗ rot1 ∗ t r 1 i ;
467 SbVec3d Adash ; t r . multVecMatrix (A, Adash ) ; / ∗ a s i n
A ' i n q u a d r i l a t e r a l s l i s t e d a b o v e i n c omm e n t s ∗ /
468 WRITE_VEC(Adash ) ;
469
470 v e r t i c e s [ n ] = Adash ;
471 newperim . push_back (n++) ;
472 }
473
474 f o r ( un s i g n e d i =0; i<n_sides ; ++i ) {
475 un s i g n e d v1 , v2 , v3 , v4 ;
476 i f ( i < n_sides - 1) {
477 v1 = perim [ i ] ;
478 v2 = perim [ i +1] ;
479 v3 = n_start + i + 1 ;
480 v4 = n_start + i ;
481 } e l s e {
482 v1 = perim [ i ] ; / ∗ a c c o u n t s f o r g e t t i n g b a c k
a r o u n d t o s t a r t o f c i r c l e / o c t a g o n e t c . ∗ /
483 v2 = perim [ 0 ] ;
484 v3 = n_start ;
485 v4 = n_start + i ;
486 }
487 s t r i ng s t r eam ss ;
488 s s << namestem << i ;
489 c e r r << "Adding su r f a c e " << ss . s t r ( ) << endl ;
490 c e r r << " v1 = " << v1 << " : " ;
491 WRITE_VEC( v e r t i c e s [ v1 ] ) ;
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492 c e r r << " v2 = " << v2 << " : " ;
493 WRITE_VEC( v e r t i c e s [ v2 ] ) ;
494 c e r r << " v3 = " << v3 << " : " ;
495 WRITE_VEC( v e r t i c e s [ v3 ] ) ;
496 c e r r << " v4 = " << v4 << " : " ;
497 WRITE_VEC( v e r t i c e s [ v4 ] ) ;
498 s u r f a c e s [ s s . s t r ( ) ] = Surface3D (v1 , v2 , v3 , v4 , emit ) ;
499 }
500
501 n_start = n ;
502 r e t u r n 0 ;
503 }
504
505 / ∗ J u s t l i k e a d d _ r o t r o w , b u t p o i n t i n g i n t o t h e c a v i t y i n t h e
r i g h t h a n d r u l e s e n s e . C omp a r e " f o r " l o o p s w h e r e
v e r t i c e s v1 , v2 , v3 , v 4 a r e a s s i g n e d t o s u r f a c e . ∗ /
506 i n t add_rotrow_top (map<un s i gn ed , SbVec3d> &v e r t i c e s
507 , map<st r i ng , Surface3D> &su r f a c e s
508 , SbVec3d O, SbVec3d OP, SbVec3d A
509 , vector<un s i gn ed> &perim / ∗ a l r e a d y a s s u m e d t o b e
a d d e d ∗ /
510 , vector<un s i gn ed> &newperim
511 , un s i g n e d &n_start
512 , s t r i n g namestem
513 , doub l e emit
514 ) {
515 un s i g n e d n = n_start ;
516 SbDPMatrix t r1 ; t r1 . s e tTran s l a t e ( -O) ;
517 SbDPMatrix t r 1 i = t r1 . i nv e r s e ( ) ;
518 un s i g n e d n_sides = perim . s i z e ( ) ;
519
520 WRITE_VEC(A) ;
521 SbVec3d A1 ; t r1 . multVecMatrix (A, A1) ;
522 WRITE_VEC(A1) ;
523
524 f o r ( un s i g n e d i =0; i<n_sides ; ++i ) {
525 doub l e theta = 2∗PI / n_sides ∗ i ;
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526 SbDPMatrix rot1 ; rot1 . se tRotate ( SbDPRotation (OP,
theta ) ) ;
527 SbDPMatrix t r = tr1 ∗ rot1 ∗ t r 1 i ;
528 SbVec3d Adash ; t r . multVecMatrix (A, Adash ) ; / ∗ a s i n
A ' i n q u a d r i l a t e r a l s l i s t e d a b o v e i n c omm e n t s ∗ /
529 WRITE_VEC(Adash ) ;
530
531 v e r t i c e s [ n ] = Adash ;
532 newperim . push_back (n++) ;
533 }
534
535 f o r ( un s i g n e d i =0; i<n_sides ; ++i ) {
536 un s i g n e d v1 , v2 , v3 , v4 ;
537 i f ( i < n_sides - 1) {
538 v1 = perim [ i ] ;
539 v2 = n_start + i ;
540 v3 = n_start + i + 1 ;
541 v4 = perim [ i +1] ;
542 } e l s e {
543 v1 = perim [ i ] ; / ∗ a c c o u n t s f o r g e t t i n g b a c k
a r o u n d t o s t a r t o f c i r c l e / o c t a g o n e t c . ∗ /
544 v2 = n_start + i ;
545 v3 = n_start ;
546 v4 = perim [ 0 ] ;
547 }
548 s t r i ng s t r eam ss ;
549 s s << namestem << i ;
550 c e r r << "Adding su r f a c e " << ss . s t r ( ) << endl ;
551 c e r r << " v1 = " << v1 << " : " ;
552 WRITE_VEC( v e r t i c e s [ v1 ] ) ;
553 c e r r << " v2 = " << v2 << " : " ;
554 WRITE_VEC( v e r t i c e s [ v2 ] ) ;
555 c e r r << " v3 = " << v3 << " : " ;
556 WRITE_VEC( v e r t i c e s [ v3 ] ) ;
557 c e r r << " v4 = " << v4 << " : " ;
558 WRITE_VEC( v e r t i c e s [ v4 ] ) ;
559 s u r f a c e s [ s s . s t r ( ) ] = Surface3D (v1 , v2 , v3 , v4 , emit ) ;
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560 }
561
562 n_start = n ;
563 r e t u r n 0 ;
564 }
565
566 i n t main ( i n t argc , ch a r ∗ ∗ argv ) {
567
568 c o n s t c h a r out f i l ename [ ] = " 17 -5 deg_manifold . vs3 " ;
569
570 c e r r << " Creat ing cone . . . " << endl ;
571
572 map<un s i gn ed , SbVec3d> v e r t i c e s ;
573 map<st r i ng , Surface3D> su r f a c e s ;
574
575 / / NB : T h e s e e m i s s i v i t i e s n e e d t o b e c h a n g e d i n t h e
r e s u l t i n g v i e w f a c t o r f i l e ,
576 / / d e p e n d i n g on t e m p e r a t u r e , a c c o r d i n g t o J . D . F l e t c h e r
a n d A . W i l l i a m s ,
577 / / " E m i s s i v i t i e s o f C e r a m i c f i b r e l i n i n g s f o r h i g h -
t e m p e r a t u r e f u r n a c e s " ,
578 / / J o u r n a l o f t h e I n s t i t u t e o f E n e r g y 5 7 ( 1 9 8 4 ) , p p .
3 7 7 - 3 8 0 .
579 / / a n d S p e c i a l M e t a l s C o r p o r a t i o n , " I n c o n e l A l l o y 6 0 0 .
P u b l i c a t i o n SMC - 0 2 7 " ( 2 0 0 8 ) .
580 doub l e emit_tubes = 0 . 8 ; / ∗ e m i s s i v i t y ∗ /
581 doub l e emit_walls = 0 . 4 ; / ∗ e m i s s i v i t y ∗ /
582 doub l e emit_apert = 0.999999999999999 ; / ∗ e m i s s i v i t y ∗ /
583 doub l e emit_top = 0 . 4 ; / ∗ e m i s s i v i t y " w h i t e " i n s u l a t i o n .
∗ /
584 doub l e emit_man = 0 . 8 ; / ∗ e m i s s i v i t y ∗ /
585 doub l e emit_bot = 0 . 4 ; / ∗ e m i s s i v i t y ∗ /
586
587 doub l e h = 0 . 5 7 0 ; / ∗ c a v i t y h e i g h t i n m∗ /
588 doub l e d1 = 0 . 4 7 0 ; / ∗ f r u s t r u m b a s e d i a i n m ∗ /
589 doub l e d2 = 0 . 3 0 0 ; / ∗ f r u s t r u m a p e x d i a i n m∗ /
590 doub l e m = 0 . 0 9 0 ; / ∗ m a n i f o l d d i a m e t e r i n m ∗ /
316
J.4. Input and Output Files for Three Receivers with Reactor Tubes
591 doub l e a = 0 . 1 9 5 ; / ∗ a p e r t u r e d i a i n m ∗ /
592
593 un s i g n e d n_tubes = 20 ;
594 doub l e t = 0 . 0 1 3 ; / ∗ t u b e d i a m e t e r i n m∗ /
595
596 / / S e e " D i a g r a m o f f g u v _ BAp e r p e t c . p d f " i n C : \ U s e r s \
r e b e c c a \ D e s k t o p \ r e b e c c a \ V i e w 3 d f i l e s
597 / / S e e a l s o d e f i n i t i o n o f S b V e c 3 d F a n d S b V e c 3 d E b e l o w .
598 doub l e f = 0 . 0 2 7 ; / ∗ d i s t a n c e a l o n g c a v i t y w a l l BA t o
b a s e e n d o f t u b e E i n m . ∗ /
599 doub l e g = 0 . 0 2 0 ; / ∗ d i s t a n c e n o r m a l f r o m c a v i t y w a l l BA
t o b a s e e n d c e n t r e l i n e o f t u b e E i n m . ∗ /
600 doub l e u = 0 . 0 3 4 ; / ∗ d i s t a n c e a l o n g c a v i t y w a l l BA t o
a p e x e n d o f t u b e F i n m . ∗ /
601 doub l e v = 0 . 1 1 1 ; / ∗ d i s t a n c e n o r m a l f r o m c a v i t y w a l l BA
t o a p e x e n d c e n t r e l i n e o f t u b e F i n m . ∗ /
602
603
604 SbVec3d O(0 , 0 , 0 ) ;
605 SbVec3d P(0 ,0 , h ) ;
606 SbVec3d A(d1 /2 . , 0 , 0) ;
607 SbVec3d B(d2 /2 . , 0 , h ) ;
608 SbVec3d C( a /2 , 0 , 0) ;
609 SbVec3d L(0 , 0 , h - 0 . 05 ) ;
610 SbVec3d M(m/2 , 0 , h - 0 . 05 ) ;
611 SbVec3d N(m/2 , 0 , h ) ;
612
613 / / g r i d d i n g p a r a m e t e r s
614 un s i g n e d r = 5 ; / ∗ n um b e r o f r o w s i n c o n e g r i d f o r w a l l s
( 4 s e g m e n t s +1 ) ∗ /
615 un s i g n e d c = 20 ; / ∗ n um b e r o f c o l u m n s ( c i r c u m f ) i n c o n e
g r i d f o r w a l l s ∗ /
616
617 un s i g n e d tube_rows = 5 ; / ∗ n um b e r o f r o w s i n c o n e g r i d
f o r r e a c t o r t u b e s ( 4 s e g m e n t s +1 ) ∗ /
618 un s i g n e d tube_cols = 6 ; / ∗ n um b e r o f c o l u m n s ( c i r c u m f )
i n c o n e g r i d f o r r e a c t o r t u b e s ∗ /
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619
620 un s i g n e d n_cyl_start = 1 ;
621 un s i g n e d n = n_cyl_start ;
622
623 / ∗ ma i n f r u s t u m ∗ /
624 add_cyl inder_wal ls ( v e r t i c e s , su r f a c e s , O, P, A, B, r , c ,
n , " wa l l " , emit_walls ) ;
625
626 / ∗ t o p e n d o f c a v i t y ∗ /
627 vector<un s i gn ed> topperim , manifoldperim , manifbottper im
;
628 f o r ( un s i g n e d i =0; i < c ; ++i ) {
629 un s i g n e d p = n_cyl_start + r ∗ i + ( r - 1) ;
630 c e r r << "p = " << p << endl ;
631 topperim . push_back (p) ;
632 }
633 add_rotrow_top ( v e r t i c e s , su r f a c e s , O, P - O, N, topperim
, manifoldperim , n , " top " , emit_top ) ;
634 / / w a l l s o f m a n i f o l d - u s i n g t h e r o t a t o r r o w f u n c t i o n
b u t w i t h a v e r t i c a l s t e p d o w n w a r d s f o r t h e f i r s t
v e r t i c e a d d e d .
635 add_rotrow_top ( v e r t i c e s , su r f a c e s , O, P - O, M,
manifoldperim , manifbottperim , n , "man_wall " ,
emit_man) ;
636
637 add_pavilion_top ( v e r t i c e s , su r f a c e s , L , manifbottperim ,
n , "man" , emit_man) ;
638
639
640 / ∗ b o t t o m e n d o f c a v i t y ∗ /
641 vector<un s i gn ed> botperim , newperim ;
642 f o r ( un s i g n e d i =0; i < c ; ++i ) {
643 un s i g n e d p = n_cyl_start + r ∗ i ;
644 c e r r << "p = " << p << endl ;
645 botperim . push_back (p) ;
646 }
647 add_rotrow ( v e r t i c e s , su r f a c e s , O, P - O, C, botperim ,
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newperim , n , " bot " , emit_bot ) ;
648
649 c e r r << "New perim conta in s " << newperim . s i z e ( ) << "
f a c e s " << endl ;
650
651 add_pavi l ion ( v e r t i c e s , su r f a c e s , O, newperim , n , " apert "
, emit_apert ) ;
652
653 #i f 1
654 / ∗ i n n e r p i p e s ∗ /
655 SbVec3d BAhat = (A - B) ; BAhat . normal ize ( ) ;
656 SbVec3d PBhat = B - P; PBhat . normal ize ( ) ;
657 SbVec3d OPhat = P - O; OPhat . normal ize ( ) ;
658 SbVec3d PBtan = PBhat . c r o s s (OPhat) ;
659 SbVec3d BAperp = BAhat . c r o s s (PBtan) ;
660 SbVec3d F = B + BAhat ∗ u + BAperp ∗ v ;
661 WRITE_VEC(F) ;
662 SbVec3d E = A - BAhat ∗ f + BAperp ∗ g ;
663 SbVec3d FEhat = (E - F) ; FEhat . normal ize ( ) ;
664 / ∗ u n i t v e c t o r n o r m a l t o FE ∗ /
665 SbVec3d FEperp = PBtan . c r o s s (FEhat ) ;
666 SbVec3d E1 = E + t /2 . ∗ FEperp ; / / f i r s t e d g e t o " s w e e p
o u t " t u b e s u f a c e .
667 SbVec3d F1 = F + t /2 . ∗ FEperp ;
668 / ∗ The s w e e p u s i n g BAp e r p o n l y w o r k e d w h e n FE w a s
p a r a l l e l t o BA . ∗ /
669 / / S b V e c 3 d E1 = E - t / 2 . ∗ BAp e r p ;
670 / / S b V e c 3 d F1 = F - t / 2 . ∗ BAp e r p ;
671 WRITE_VEC(E) ;
672 WRITE_VEC(E1) ;
673 WRITE_VEC(F1) ;
674
675 f o r ( un s i g n e d i = 0 ; i < n_tubes ; ++i ) {
676 doub l e theta = i ∗ 2 . ∗ PI / n_tubes ;
677 SbVec3d Z(0 , 0 , 1 ) ;
678 SbDPRotation ro t (Z , theta ) ;
679 SbDPMatrix mat ; mat . se tRotate ( ro t ) ;
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680
681 SbVec3d E2 , F2 , E12 , F12 ;
682 mat . multVecMatrix (E, E2) ;
683 mat . multVecMatrix (F , F2) ;
684 mat . multVecMatrix (E1 , E12) ;
685 mat . multVecMatrix (F1 , F12 ) ;
686
687 s t r i ng s t r eam ss ;
688 s s << " cy l " << i << "_" ;
689 c e r r << "Adding tube " << i << endl ;
690 add_cyl inder ( v e r t i c e s , su r f a c e s , E2 , F2 , E12 , F12 ,
tube_rows , tube_cols , n , s s . s t r ( ) , emit_tubes ) ;
691 }
692 #e n d i f
693
694 / ∗ o u t p u t t o V i ew 3D f o r m a t . . . h o p e f u l l y ∗ /
695 c e r r << "Writing ' " << out f i l ename << " ' . . . " << endl ;
696 ofstream f s ( out f i l ename ) ;
697 f s << "T 17 .5 deg frustum and cav i ty f o r ANU l i t t l e d i sh
study " << endl ;
698 / / e n c l =1 m e a n s t h a t v i e w f a c t o r s c o m p u t e d a r e a d j u s t e d
s o t h a t c o n s e r v a t i o n o f e n e r g y i s u p h e l d
699 f s << "C l i s t =0 out=0 emit=0 enc l=1 eps=1.e -6 " << endl ;
700 f s << "F 3 " << endl ;
701 f s . p r e c i s i o n (15) ;
702
703 f o r (map<un s i gn ed , SbVec3d >: : c on s t_ i t e r a t o r i=v e r t i c e s .
begin ( ) ; i != v e r t i c e s . end ( ) ; ++i ) {
704 f s << "V " << ( i -> f i r s t ) << " " << i ->second [ 0 ] << "
" << i ->second [ 1 ] << " " << i ->second [ 2 ] << endl
;
705 }
706
707 f s << " ! # v1 v2 v3 v4 base cmb emit name" <<
endl ;
708 un s i g n e d surfnum=1;
709 f o r (map<st r i ng , Surface3D >: : c on s t_ i t e r a t o r i=su r f a c e s .
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begin ( ) ; i != s u r f a c e s . end ( ) ; ++i ) {
710 f s << "S " << surfnum++ << " "
711 << ( i ->second . v1 ) << " " << ( i ->second . v2 ) << "
" << ( i ->second . v3 ) << " " << ( i ->second . v4 )
<< " "
712 << i ->second . bas << " " << i ->second . cmb << " "
713 << i ->second . emit << " " << i -> f i r s t / ∗ = name
o f s r f ∗ /
714 << endl ;
715 }
716 f s << "End o f data " << endl ;
717 f s . c l o s e ( ) ;
718 }
J.4.2. 7.5º Geometry
J.4.2.1. C++ Function: 7-5deg_cavity3d_manifold.cpp
The C++ function to generate the 7.5º half cone receiver geometry was almost
identical to the function 17-5deg_cavity3d.cpp whose code is given in Appendix
J.4.1.1, with two exceptions in the main routine. Firstly, the output filename was
changed to “7-5deg_manifold.vs3”. And secondly, the following length changes were
made in the code:
1 // h, f, & g have to be changed between the 3 different receiver
configurations.
2 double h = 0.6125; /* cavity height in m*/
3 double d1 = 0.480; /* frustrum base dia in m */
4 double d2 = 0.300; /* frustrum apex dia in m*/
5 double m = 0.090; /* manifold diameter in m */
6 double a = 0.195; /* aperture dia in m */
7
8 unsigned n_tubes = 20;
9 double t = 0.013; /* tube diameter in m*/
10
11 // See "Diagram of fguv_ BAperp etc.pdf" in C:\Users\rebecca\
Desktop\rebecca\View3d files
12 // See also definition of SbVec3d F and SbVec3d E below.
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13 // See also rebecca\View3d files\View3d 17-5 deg dimensions.xls
14 double f = 0.0421; /* distance along cavity wall BA to base end of
tube E in m. */
15 double g = 0.1213; /* distance normal from cavity wall BA to base
end centreline of tube E in m. */
16 double u = 0.0342; /* distance along cavity wall BA to apex end of
tube F in m. */
17 double v = 0.1112; /* distance normal from cavity wall BA to apex
end centreline of tube F in m. */
J.4.3. 3.7º Geometry
Electronic files for the 3.7º receiver geometry are given on the USB stick, as outlined
in Table J.1.
J.5. View3D source code
This is available online at http://view3d.sourceforge.net/. Separate viewers should
be installed in order to visualize the geometry input into view3D.
J.6. Viewht source code
This is available online at http://sourceforge.net/p/view3d/code/HEAD/tree/trunk/.
As outlined in Section J.4, there is a temperature file for each solar altitude recorded
for each day of experiments. Viewht requires the grey view factor file and the
temperature file to compute radiation transfers. Therefore, Viewht was executed
using python scripts like the example below.
1 import subprocess as sp
2
3 Solar_alts = ['35-5', '37-5', '39-5', '41-5', '43-4', '45-3', '47-4', '
49-3', '51-2', '53-1', '54-9', '56-6', '58-4', '60-1', '61-6', '63'
, '64-4', '65-6', '66-7', '67-6']
4
5 # Find the length of Solar_alts
6 length = len(Solar_alts)
7
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8 for i in range(length):
9 #i=0
10 infile1 = "19_deg_manifold_John_greyVFs.txt"
11 infile2 = "19_deg_MANIFOLD_10thFeb_6-5cm_constant_wall_temps--" +
Solar_alts[i] + ".txt"
12 outfile = "10thFeb_6-5cm_constant_wall_temps--" + Solar_alts[i] + "
_rad_output.txt"
13 P = sp.call(["viewht.exe",infile1, infile2,outfile])
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Appendix K.
Loss Sensitivity to Emissivity
The radiation losses calculated in Section 5.2.2.3.3 on page 146 and Section 5.2.2.3.4
on page 150 proved to be rather insensitive to the emissivity values used. This can
be explained by the general geometry of the receiver – a cavity from which radiation
losses are limited by the aperture. Figure K.1 shows the sensitivity of radiation
losses with respect to emissivity in the context of total experimental receiver losses
for each of three receiver geometries. Literature values for emissivity from Equation
5.28 and Equation 5.29 on page 144 are compared to the fixed values employed by
Paitoonsurikarn (2006). Emissivities from Equation 5.28 for Kaowool ranged from
0.808 - 0.924 (depending on the surface temperature), compared to the fixed value
of 0.4 used by Paitoonsurikarn. Thus the fixed emissivity for Kaowool was 50.5 -
56.7% lower than the literature value. Meanwhile emissivities from Equation 5.29
for Inconel ranged from 0.848 - 0.872, compared to the fixed value of 0.8 for Inconel
used by Paitoonsurikarn. This fixed emissivity was only 5.6 - 8.3% lower than the
literature values. Table K.1 summarises the maximum differences between radiation
losses calculated with the fixed emissivities compared to those calculated using the
literature emissivities, as illustrated in Figure K.1. Even with such a large departure
from the literature value of the Kaowool emissivity, the difference in radiation losses
is indeed minimal. When expressed as a percentage of total experimental receiver
losses, the maximum is 1.4%.
325
K. Loss Sensitivity to Emissivity
(a) 17.5º receiver, 10th February, 1.25 g/s.
(b) 7.5º receiver, 16-26th March, 1.25 g/s.
(c) 3.7º receiver, 14th May, 1.5 g/s.
Figure K.1: Sensitivity of radiation losses with respect to emissivity in the context of total
experimental receiver losses for each of three receiver geometries. The hollow squares
represent radiation losses calculated with emissivities from the literature, while the pink
squares were calculated with the fixed emissivities of 0.4 for Kaowool and 0.8 for Inconel
as per Paitoonsurikarn (2006).
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Receiver half cone
Maximum Difference in Radiation Loss
(W) % of Radiation
Loss (Calculated)
% of Total Receiver
Losses (Experimental)
17.5º 30.6 6.5% 1.1%
7.5º 41.0 6.7% 1.4%
3.7º 39.2 7.2% 1.3%
Table K.1: A summary of the maximum differences between radiation losses calculated
with the fixed emissivities compared to those calculated using the literature emissivities,
as illustrated in Figure K.1.
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Appendix L.
Matlab Script for Conduction Losses
A Matlab script follows which was used to calculate conduction losses through the
receiver insulation. This script implements the calculation method outlined in Sec-
tion 5.3.1 on page 152. The script is for the 17.5º half cone receiver geometry. There
is small difference between this script and that for the 7.5º and 3.7º geometries –
just the setting of the cylinder length and inner diameters. The cylinder length
increases slightly in the 7.5º and 3.7º geometries to accomodate the longer “height”
of the reactor tube frustums with these smaller half cone angles.
1 % c o n d u c t i o n _ N u _ i n c l i n e . m
2
3 % L e n g t h s f o r 1 7 . 5 º h a l f c o n e r e c e i v e r c o n f i g u r a t i o n .
4 %
5 % C a l c u l a t e c o n d u c t i o n l o s s e s t h r o u g h i n s u l a t e d w a l l s o f
r e c e i v e r ,
6 % s h i e l d a n d a p e x & a d d . U s e N u s s e l t n u m b e r s f o r i n c l i n e d
c y l i n d e r & p l a t e s .
7
8 %
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
9
10 % To r u n t h i s f i l e , f i r s t c h e c k :
11 % - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
12 % 1 ) i n p u t _ f i l e
13 % 2 ) C h o o s e o u t p u t " f i l e n a m e " k e q ( K o h l e n b a c h ) o r j u s t
K a o w o o l
329
L. Matlab Script for Conduction Losses
14 % 3 ) S e t k _ i n s a c c o r d i n g l y ( c ommen t o n e o u t ) :
15 % - K a o w o o l e q u a t i o n o n l y . ( S e a r c h f o r " K a o w o o l l i n e
o f b e s t f i t " . )
16 % T h i s i s t h e c u r r e n t b e s t c h o i c e .
17 % - T h e r e i s a l s o an " i f " s t a t e m e n t ( s h o u l d b e
c omm e n t e d o u t )
18 % i n c l u d i n g K o h l e n b a c h ' s v a l u e f o r t h e r m a l
c o n d u c t i v i t y . H o w e v e r ,
19 % c o n s i d e r i n g b o t h c o n v e c t i v e l o s s e s a n d c o n d u c t i o n
l o s s e s a r e
20 % l i n e a r l y d e p e n d e n t on t e m p e r a t u r e d i f f e r e n c e , a n d
K o l e n b a c h ' s
21 % c o n v e c t i v e l o s s m o d e l w a s v e r y s i m p l i s t i c ( f l a t d i s c
/ p l a t e s i z e o f
22 % a p e r t u r e I t h i n k ) , t h e a c c u r a c y o f K o l e n b a c h ' s
c o n d u c t i v i t y v a l u e
23 % i s c a l l e d i n t o q u e s t i o n .
24 %
25
26 %
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
27
28 % Fo r n o t e s on a n o n ym o u s f u n c t i o n u s e , s e e
29 % h t t p : / / s t a c k o v e r f l o w . com / q u e s t i o n s / 6 1 3 6 0 5 0 / e r r o r - u s i n g -
f z e r o - i n - m a t l a b - un
30 % d e f i n e d - f u n c t i o n - o r - m e t h o d - d e t - f o r - i n p u t - a r g um e
31
32 % c l e a r command w i n d o w
33 c l c
34
35 % c l e a r p r e v i o u s v a l u e s o f v a r i a b l e s
36 c l e a r
37
38 % I n n e r d i a m e t e r (m) - i . e . f r o m c e n t r e l i n e o f r e c e i v e r t o
i n s u l a t i o n
39 % d i _ 4 i s n e a r t h e m a n i f o l d w h i l e d i _ 1 i s n e a r t h e a p e r t u r e
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p l a n e .
40 % O r i g i n a l c a l c u l a t i o n s o f d i ' s - s e e ~ p 1 3 3 S aw a t ' s t h e s i s .
41 % d i = ( m e d i a n p o i n t ) / 0 . 5 7 m ∗ ( 0 . 4 9 3 - 0 . 2 6 9 ) + 0 . 2 6 9
42 % C e l l I 3 i n s h e e t " Cond 6 . 2 5 cm e t c " i n " 1 0 t h F e b 2 0 1 0 e x c e l .
x l s "
43 % d i _ 1_ a p d i _ 2 d i _ 3 d i_4_man
44 % d i = [ 0 . 4 6 5 0 . 4 0 9 0 . 3 5 3 0 . 2 9 7 ] ;
45
46 % C e l l J 3 d own i n s h e e t " Cond 6 . 2 5 cm N u _ i n c l i n e " i n " 1 0
t h F e b 2 0 1 0 e x c e l . x l s "
47 % d i _ 1_ a p d i _ 2 d i _ 3 d i_4_man
48 di = [ 0 . 4 6 6 , 0 . 419 , 0 . 371 , 0 . 3 2 4 ] ;
49
50 % O u t e r d i a m e t e r (m)
51 do = 0 . 6 0 5 ;
52
53 % L e n g t h o f t o t a l c y l i n d e r & w a l l s e c t i o n (m) - NB t h i s w i l l
c h a n g e f o r
54 % 7 . 5 d e g a n d 3 . 7 d e g c a s e s
55 L_cyl = 0 .59
56 wall_section_L = L_cyl/4
57
58 % A v e r a g e i n s u l a t i o n t h i c k n e s s f o r s h i e l d & a p e x
59 % a p e x s h
60 t_av = [ 0 . 1 , 0 . 0 2 ] %m
61
62 % C h a r a c t e r i s t i c l e n g t h f o r f r o n t s h i e l d , a p e x ( d i a m e t e r o f
i n s i d e s u r f a c e )
63 % ! ! ! ! ! C o u l d t r y v a r y i n g t h i s f o r f r o n t s h i e l d . . . .
64 % a p e x s h
65 L_plate = [ 0 . 3 , 0 . 2 8 6 ] %m
66 % L _ p l a t e = [ 0 . 3 , 0 . 1 7 0 7 ] %m 0 . 1 7 0 7 w a s o n l y h a l f l e n g t h o f
a v e r a g e b o u n d a r y
67 % l a y e r . S e e " O u t e r c o n v e c t i o n c h a r a c t e r i s t i c l e n g t h c a l c .
x l s " a n d 8 t h
68 % n o t e b o o k 7 / 0 6 / 2 0 1 3 & 2 2 / 6 / 2 0 1 3 .
69
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70 % A r e a f o r a p e x , s h i e l d
71 % a p e x s h
72 Area_plate = [ 0 . 0 7 07 , 0 . 1 6 9 ] %m^2
73 %A r e a _ p l a t e = [ 0 . 0 7 0 7 , 0 . 1 6 1 9 5 ] %m^2
74
75 % k - t h e r m a l c o n d u c t i v i t y
76 % k _ i n s = 0 . 1 5 % W/m . ºC % v a l u e f r o m S aw a t ' s t h e s i s
77
78 % V a l u e s f r o m K o h l e n b a c h p 5 1 - n o t e h e c a l c u l a t e d t h e
e m i s s i v i t y 0 . 3 5 W/m . ºC f o r an
79 % i n t i a l r e a c t o r t u b e t em p o f 6 0 0 ºC . From 1 0 t h F e b 2 0 1 0 e x c e l .
x l s s h e e t " Temp s " ,
80 % c e l l BC54 , t h e a v e r a g e d i f f e r e n c e b e t w e e n Tc 7 - 3 ( 2 0 cm )
a n d a c o n s t a n t
81 % w a l l t e m p e r a t u r e i s 9 1 ºC . H e n c e 5 0 9 ºC i s u s e d h e r e - a l s o
m a k e s g r a p h o f k
82 % v a l u e s p a r a l l e l t o l i t e r a t u r e - g o o d s i g n .
83 % Temp ( ºC ) k (W/m . ºC )
84 % k _ i n s _ m a t r i x = [ 7 0 0 . 1 8 ;
85 % 5 0 9 0 . 3 5 ]
86 % C u r r e n t l y u s i n g l i n e a r t r e n d l i n e f i t t o t h e s e 2 p o i n t s , t o
a v o i d o u t - o f - b o u n d s
87 % e x c e p t i o n d u r i n g i n t e r p o l a t i o n w h e n T o u t i s b e i n g f o u n d b y
i t e r a t i o n . L o c a t e d
88 % j u s t i n s i d e t h e " f o r i = 1 : 6 " l o o p t h a t l o o p s t h r o u g h e a c h
i n s u l a t i o n s e c t i o n .
89
90 % S i m i l a r l y now u s i n g a t r e n d l i n e i n l i e u o f i n t e r p o l a t i o n
w i t h
91 % k _ i n s _ k a o w o o l f o r t h e
92 %{
93 k_ins_kaowool = [
94 -80 0 . 0 2 2 ;
95 260 0 . 077831 ;
96 537 .8 0 . 193136 ;
97 815 .6 0 . 357446 ;
98 982 .2 0 . 465544 ;
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99 1093 .3 0 . 5 3 9 0 5 1 ] ;
100 %}
101
102 %
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
103 % R e a d i n g i n t e m p e r a t u r e f i l e s
104 % i n p u t _ f i l e = ' 1 0 t h F e b _ s h o r t - t u b e _ 6 - 2 5 c m _ c o n s t a n t _ w a l l _ t e m p s
. t x t '
105 % i n p u t _ f i l e = ' 2 9 t h J a n _ c o n s t a n t _ w a l l _ t e m p s . t x t '
106 % i n p u t _ f i l e = ' 2 9 t h J a n_ 6 - 5 c m _ e t c _ t e m p s _ w a l l s _ a s _ t u b e s - -
m a n i f o l d _ C a v B o t . t x t '
107 % i n p u t _ f i l e = ' 1 0 t h F e b _ 6 - 2 5 c m _ e t c _ t e m p s _ w a l l s _ a s _ t u b e s - -
m a n i f o l d _ C a v B o t . t x t '
108 % i n p u t _ f i l e = ' 1 0 t h F e b _ 6 - 2 5 c m _ e t c _ t e m p s _ w a l l s _ a s _ t u b e s - -
m a n i f o l d - 7 - 1 . t x t '
109 i n pu t_ f i l e = ' 29thJan_6 -5 cm_etc_temps_walls_as_tubes - -
manifold - 7 - 1 . txt '
110 % ! ! ! ! C h e c k i f i n p u t f i l e i s i n K o r ºC an d s e t t e m p s
a c c o r d i n g l y
111
112 Alts_temps = l o a d ( i npu t_ f i l e ) ;
113
114 % P r i n t ' c h e c k i n d e g C '
115
116 %r o w s = s i z e ( S , d im )
117 rows = s i z e ( Alts_temps , 1 )
118 c o l s = s i z e ( Alts_temps , 2 )
119
120
121 % Fo r 1 0 t h Feb , 2 9 t h J a n " w a l l s _ a s _ t u b e s " t e m p e r a t u r e f i l e s ,
c o l u m n s a r e :
122 % S o l a r _ a l t , Ap_temp , B o t _ t em p ( s h i e l d ) , Row0_t emp , Row1_t emp
, Row2_t emp , Row3_t emp , Man_temp
123 % A c c e s s M a t r i x ( row , c o l )
124 So la r_a l t s = Alts_temps ( : , 1) ;
125 Ap_temp = Alts_temps ( : , 2) ;
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126 Sh_temp = Alts_temps ( : , 3) ;
127
128 i f c o l s == 8
129 Wall_0_temp = Alts_temps ( : , 4) ;
130 Wall_1_temp = Alts_temps ( : , 5) ;
131 Wall_2_temp = Alts_temps ( : , 6) ;
132 Wall_3_temp = Alts_temps ( : , 7) ;
133 Man_temp = Alts_temps ( : , 8) ;
134
135 e l s e i f c o l s > 8
136 % Fo r f i l e s w i t h d i f f e r e n t w a l l a n d t u b e t em p s , c o l u m n s a r e :
137 % S o l a r a l t , A p e r t u r e , B o t t o m ( s h i e l d ) , t u b e ( 6 . 5 ) , t u b e
( 1 9 . 5 ) , t u b e ( 3 2 . 5 ) ,
138 % t u b e ( 4 5 . 5 ) , M a n i f o l d , Top i n s u l a t i o n , w a l l _ 0 , w a l l _ 1 ,
w a l l _ 2 , w a l l _ 3 .
139 Tube0_temp = Alts_temps ( : , 4) ;
140 Tube1_temp = Alts_temps ( : , 5) ;
141 Tube2_temp = Alts_temps ( : , 6) ;
142 Tube3_temp = Alts_temps ( : , 7) ;
143 Man_temp = Alts_temps ( : , 8) ;
144 Top_temp = Alts_temps ( : , 9) ;
145 Wall_0_temp = Alts_temps ( : , 10) ;
146 Wall_1_temp = Alts_temps ( : , 11) ;
147 Wall_2_temp = Alts_temps ( : , 12) ;
148 Wall_3_temp = Alts_temps ( : , 13) ;
149
150 end
151
152 % P r i n t h e a d e r s t o o u t p u t f i l e
153 % f i l e n a m e = s t r c a t ( ' Co n d u c t _ k_ 0 - 3 5 - - n ew_d i_L s h_0 - 2 8 6 m_Ash_0
- 1 6 9 m2 - - t u b e _ t e m p s _ ' , i n p u t _ f i l e )
154 % f i l e n a m e = s t r c a t ( ' C o n d u c t _ k _ e q - n ew_d i_L s h_0 - 2 8 6 m_Ash_0 - 1 6 9
m2 - - t u b e _ t e m p s _ ' , i n p u t _ f i l e )
155 % f i l e n a m e = s t r c a t ( ' C o n d u c t _ k _ e q - n ew_d i_L s h_0 - 2 8 6 m_Ash_0 - 1 6 9
m2 - - w a l l _ t e m p s _ ' , i n p u t _ f i l e )
156 % f i l e n a m e = s t r c a t ( ' C o n d u c t _ k _ e q _ j u s t _ k a o w o o l - n e w_d i_L s h_0
- 2 8 6 m_Ash_0 - 1 6 9 m2 - - w a l l _ t e m p s _ ' , i n p u t _ f i l e )
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157 % f i l e n a m e = s t r c a t ( ' C o n d u c t _ k_ e q_ i nK - - n ew_d i_L s h_0 - 2 8 6
m_Ash_0 - 1 6 9 m2 - - t u b e _ t e m p s _ ' , i n p u t _ f i l e )
158 % f i l e n a m e = s t r c a t ( ' Co n d u c t _ L s h_ 0 - 2 8 6 m_Ash_0 - 1 6 1 m2 - - ' ,
i n p u t _ f i l e )
159 % f i l e n a m e = s t r c a t ( ' C o n d u c t _ k _ e q _ j u s t _ k a o w o o l - - w a l l _ t e m p s _ ' ,
i n p u t _ f i l e )
160 % f i l e n a m e = s t r c a t ( ' C o n d u c t _ k _ e q - - w a l l _ t e m p s _ ' , i n p u t _ f i l e )
161 f i l ename = s t r c a t ( 'Conduct_k_eq_just_kaowool - - ' , i n pu t_ f i l e )
162
163 f i l e ID = f o p e n ( f i l ename , 'wt ' ) ;
164
165 header1 = { 'Conduction Losses (W) f o r input f i l e below ' } ;
166 header2 = { ' So lar_a l t ' , ' Sect i on ' , 'Tin_K ' , 'Tin_C ' , 'Tout_C
' , 'Tprop_K ' , ' beta ' , ' kin_visc (m2/ s ) ' , ' k_air (W/m.K) '
, . . .
167 'Pr ' , 'Gr_D ' , 'Gr_L ' , 'Ray_L_cr ' , 'Ray_L ' , 'Gr ' , '
Ray_cos ' , 'Nu ' , 'h (W/m2. ºC) ' , . . .
168 ' k_ins (W/m. ºC) ' , ' q_conv (W) ' , ' q_cond (W) ' } ;
169
170 f p r i n t f ( f i l e ID , '%s\n ' , header1 { : } ) ;
171 f p r i n t f ( f i l e ID , '%s\n ' , i n pu t_ f i l e ) ;
172 % h e a d e r 2 m u s t c o n s i s t o f many s m a l l e r s t r i n g s f o r t h i s t o
w o r k
173 f o r i= 1 : ( l e n g t h ( header2 ) -1)
174 f p r i n t f ( f i l e ID , '%s\ t ' , header2{ i }) ;
175 end
176 f p r i n t f ( f i l e ID , '%s\n ' , header2{ l e n g t h ( header2 ) }) ;
177
178 %
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
179 % R e p e a t i t e r a t i v e f i n d o f T o u t f o r e a c h s o l a r a l t i t u d e i n
i n p u t f i l e
180 Alts_sum_qcond = [ ] ;
181
182 f o r j = 1 : l e n g t h ( So l a r_a l t s ) % l e n g t h o f l o n g e s t d i m e n s i o n
183 row = j ;
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184 So lar_a l t = So la r_a l t s ( j )
185 a l t_rad ians = So la r_a l t /180∗ p i ;
186
187 % C om p l e m e n t o f S o l a r a l t i t u d e i n r a d i a n s . ( C om p l e m e n t
b e c a u s e
188 % Al - A r a b i m e a s u r e d a n g l e f r o m t h e v e r t i c a l , n o t
h o r i z o n t a l . )
189 Comp_solar_alt = 90 - So la r_a l t ;
190 comp_alt_radians = Comp_solar_alt /180∗ p i ;
191
192 % Wa l l t e m p e r a t u r e s f o r g i v e n s o l a r a l t i t u d e i n K
193 % Fo r f i r s t t r y t h r o u g h , u s e t u b e t e m p s s o c a n c o m p a r e
t o s p r e a d s h e e t r e s u l t s
194 %Tw a l l _ i n _K = [ T u b e 0 _ t em p ( r o w ) T u b e 1 _ t em p ( r o w )
T u b e 2 _ t em p ( r o w ) T u b e 3 _ t em p ( r o w ) Man_temp ( r o w )
S h_ t em p ( r o w ) ] ; % K
195
196 % Now t r y i n g w a l l t e m p s :
197 Twall_in_K = [Wall_0_temp( row ) Wall_1_temp( row )
Wall_2_temp( row ) Wall_3_temp( row ) Man_temp( row )
Sh_temp( row ) ] ; % K
198 Twall_in_C = Twall_in_K - 273 .15 %ºC , s u b t r a c t s 2 7 3 . 1 5
f r o m a l l e l e m e n t s o f T w a l l _ i n _K
199
200 % Am b i e n t t e m p e r a t u r e f o r g i v e n s o l a r a l t i t u d e i n ºC
201 Tamb_K = Ap_temp( row )
202 Tamb_C = Tamb_K - 273 .15
203
204 % a c c e l e r a t i o n d u e t o g r a v i t y (m/ s 2 )
205 g = 9 . 8 1 ;
206
207 % I n i t i a l i s e a r r a y s :
208 Tout_C_array = [ ] ;
209 Tprop_K_array = [ ] ;
210 beta_array = [ ] ;
211 kin_visc_array = [ ] ;
212 k_air_array = [ ] ;
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213 Pr_array = [ ] ;
214
215 Gr_D_array = [ ] ;
216 Gr_L_array = [ ] ;
217 Ray_L_cr_array = [ ] ;
218 Ray_L_array = [ ] ;
219
220 Gr_array = [ 0 , 0 , 0 , 0 ] ;
221 Ray_cos_array = [ 0 , 0 , 0 , 0 ] ;
222
223 Nu_array = [ ] ;
224 h_array = [ ] ;
225 k_ins_array = [ ] ;
226 q_conv_array = [ ] ;
227 q_cond_array = [ ] ;
228
229 %
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
230
231 % r e p e a t f o r w a l l s e c t i o n s 1 - 4 , a p e x ( i ==5) & s h i e l d ( i
==6) .
232 f o r i = 1 :6
233 i
234
235 % k _ i n s = 0 . 1 5 % W/m . ºC % v a l u e f r o m S aw a t ' s t h e s i s
236
237 % K a o w o o l l i n e o f b e s t f i t , t e m p i n K
238 k_ins = -2 .3660E- 1 0 ∗ ( Twall_in_K( i ) ) ^3 + 8.8904E- 0 7 ∗ (
Twall_in_K( i ) ) ^2 - 4 .5415E- 0 4 ∗ ( Twall_in_K( i ) ) +
1.0308E- 0 1 ;
239
240 %{
241 % T h e r m a l c o n d u c t i v i t y
242 i f i<= 5 % f o r c y l & a p e x i n s u l a t i o n
243 % V a l u e s f r o m K o h l e n b a c h p 5 1
244 % T h i s e q u a t i o n w a s t h e l i n e f o r m e d b e t w e e n t h e
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t w o p o i n t s i n
245 % k _ i n s _ m a t r i x , c o mm e n t e d o u t a b o v e . ( N o t
i n t e r p o l a t e d , i n c a s e
246 % v a l u e i s o u t o f b o u n d s o f t h e m a t r i x . )
247 k_ins = 3.8724E- 0 4 ∗ ( Twall_in_K( i ) ) + 4.7117E- 0 2 ;
248
249 e l s e % f o r s h i e l d
250 % K a o w o o l l i n e o f b e s t f i t , t e m p i n K
251 k_ins = -2 .3660E- 1 0 ∗ ( Twall_in_K( i ) ) ^3 + 8.8904E
- 0 7 ∗ ( Twall_in_K( i ) ) ^2 - 4 .5415E- 0 4 ∗ (
Twall_in_K( i ) ) + 1.0308E- 0 1 ;
252 end
253 %}
254
255 % P r a n d t l n um b e r
256 %T (K ) Pr
257 Matrix_T_Pr = [
258 250 0 . 7 2 2 ;
259 300 0 . 7 0 8 ;
260 350 0 . 6 9 7 ;
261 400 0 . 6 8 9 ;
262 450 0 . 6 8 3 ;
263 500 0 . 6 8 0 ;
264 550 0 . 6 8 0 ;
265 600 0 . 6 8 0 ;
266 650 0 . 6 8 2 ;
267 700 0 . 6 8 4 ;
268 750 0 . 6 8 6 ] ;
269
270 % To u t i s i n ºC
271
272 Tout_K = @(Tout ) Tout + 273 . 1 5 ;
273
274 % F i l m t e m p e r a t u r e u s e d f o r c y l i n d e r w a l l s
275 T_film_K = @(Tout ) (Tout + Tamb_C) /2 + 273 . 1 5 ;
276
277 % R e f e r e n c e t e m p e r a t u r e f o r i n c l i n e d p l a t e , F u j i i &
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278 Te_K = @(Tout ) Tout_K(Tout ) - 0 . 2 5 ∗ (Tout_K(Tout )
- Tamb_K) ;
279
280 i f i <= 4 % c y l i n d e r w a l l s e c t i o n
281 di_x = di ( i )
282 be t a = @(Tout ) 1/T_film_K(Tout ) ;
283 % T e m p e r a t u r e a t w h i c h t o e v a l u a t e p r o p e r t i e s i n
K :
284 Tprop_K = @(Tout ) T_film_K(Tout ) ;
285 e l s e % i n c l i n e d p l a t e , F u j i i & Im u r a
286 be t a = @(Tout ) 1/(Tamb_K + 0 . 5 ∗ (Tout_K(Tout )
- Tamb_K) ) ;
287 % T e m p e r a t u r e a t w h i c h t o e v a l u a t e p r o p e r t i e s i n
K :
288 Tprop_K = @(Tout ) Te_K(Tout ) ;
289 end
290
291 % v a n d k f r o m f i t s i n A p p e n d i x D T a u m o e f o l a u ( 2 0 0 4 )
, d e r i v e d f r o m Ho lman
292 % ( 1 9 9 7 ) T a b l e A - 5 , p 6 4 6 . ( F i t s f o r a l p h a a n d Pr don
' t s e em t o b e v e r y a c c u r a t e
293 % i n t h i s r a n g e , s o i n t e r p o l a t i o n f r o m t a b u l a t e d
H o lm an d a t a i s b e i n g u s e d i n s t e a d . )
294
295 % v ( k i n e m a t i c v i s c o s i t y , m2 / s )
296 kin_visc = @(Tout ) 4 .698E- 2 4 ∗ (Tprop_K(Tout ) ) ^6 -
3 .409E- 2 0 ∗ (Tprop_K(Tout ) ) ^5 +9.952E- 1 7 ∗ (Tprop_K(
Tout ) ) ^4 -0 .0000000000001532 ∗ (Tprop_K(Tout ) ) ^3
+0.0000000001942∗(Tprop_K(Tout ) ) ^2
+0.000000007827∗(Tprop_K(Tout ) ) -0 .0000006957 ;
297
298 % k - t h e r m a l c o n d u c t i v i t y o f a i r
299 k_air = @(Tout ) 6 .143E- 1 8 ∗ (Tprop_K(Tout ) ) ^5 -
0 .00000000000003657∗(Tprop_K(Tout ) ) ^4 +
0.00000000008926∗ (Tprop_K(Tout ) ) ^3 -
0 .0000001115 ∗ (Tprop_K(Tout ) ) ^2 + 0 .0001234 ∗ (
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Tprop_K(Tout ) ) - 0 . 002552 ;
300
301 % P r a n d t l n um b e r
302 Pr = @(Tout ) i n t e r p 1 (Matrix_T_Pr ( : , 1) , Matrix_T_Pr
( : , 2) , Tprop_K(Tout ) ) ;
303
304 % T h i s i s a c h e c k t o ma k e s u r e y o u don ' t e n d u p w i t h
n e g a t i v e G r a s h o f
305 % n um b e r s a n d i m a g i n a r y N u s s e l t n u m b e r s . I d e a l l y
t h i s w o u l d b e d o n e
306 % i n a c o n d i t i o n a l " i f " s t a t e m e n t , b u t ( T o u t -
Tamb_C ) > 0 c o u l d n ' t
307 % b e e v a l u a t e d o u t s i d e an @ ( T o u t ) e q u a t i o n , a n d 1
i s n ' t a f u n c t i o n
308 % o f ( T o u t ) .
309 % Ad d e d 1 h e r e i n s e c o n d t e r m t o a v o i d d i v i d i n g b y 0
i f Gr_D s e t t o 0 .
310 % ( - v e p o w e r i n N u s s e l t e q n m e a n s 1 / ( Gr_D r a i s e d t o
t h e p o w e r ) . )
311
312 % I f ( T o u t > Tamb_C ) , d e l t a _ T = T o u t - Tamb_C
313 % O t h e r w i s e d e l t a _ T = 1 ( ºC )
314
315 delta_T = @(Tout ) (Tout - Tamb_C) ∗ ( Tout > Tamb_C) +
1 ∗ ( Tout <= Tamb_C) ;
316 % I d e a f r o m " An o n ymo u s f u n c t i o n s a n d c o n d i t i o n a l
l o g i c ? "
317 % h t t p : / / www . m a t h w o r k s . com . a u / m a t l a b c e n t r a l / a n s w e r s
/ 1 9 7 1 5
318
319 i f i <= 4 % f r u s t u m w a l l s e g m e n t s - u s e h o r i z o n t a l
c y l i n d e r f o r c o n v e c t i o n o u t s i d e r e c e i v e r
320 % G r a s h o f n um b e r
321 % i n t e r m s o f d i a m e t e r
322 %%Gr_D = @ ( T o u t ) g ∗ b e t a ( T o u t ) ∗ ( T o u t - Tamb_C ) ∗ d o
^ 3 / ( k i n _ v i s c ( T o u t ) ) ^ 2 ;
323 Gr_D = @(Tout ) g ∗ be t a (Tout ) ∗ ( delta_T (Tout ) ) ∗do
340
^3/( k in_visc (Tout ) ) ^2;
324
325 % i n t e r m s o f c y l i n d e r l e n g t h
326 %%Gr_L = @ ( T o u t ) g ∗ b e t a ( T o u t ) ∗ ( T o u t - Tamb_C ) ∗
L _ c y l ^ 3 / ( k i n _ v i s c ( T o u t ) ) ^ 2 ;
327 Gr_L = @(Tout ) g ∗ be t a (Tout ) ∗ ( delta_T (Tout ) ) ∗
L_cyl ^3/( k in_visc (Tout ) ) ^2;
328
329 % C r i t i c a l R a y l e i g h n um b e r b a s e d on l e n g t h
330 % B e l o w t h i s n umb e r , f l o w i s l a m i n a r
331 % A b o v e t h i s n umb e r , f l o w i s t u r b u l e n t
332 Ray_L_cr = 2 .6E9 + 1 .1E9∗ t an ( comp_alt_radians )
333
334 % R a y l e i g h n um b e r i n t e r m s o f l e n g t h
335 Ray_L = @(Tout ) Gr_L(Tout ) ∗Pr (Tout ) ;
336
337 % N u s s e l t n um b e r
338 %
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
339 % I n c l i n e d c y l i n d e r N u s s e l t n umb e r , f r o m
340 % Al - A r a b i & Kham i s , " N a t u r a l C o n v e c t i o n H e a t
T r a n s f e r f r o m I n c l i n e d C y l i n d e r s , "
341 % I n t e r n a t i o n a l J o u r n a l o f H e a t a n d Ma s s
T r a n s f e r , v o l . 2 5 , No . 1 , p p 3 - 1 5 , 1 9 8 2 .
342
343 % f o r l a m i n a r Ray_L
344 % NB : i f Ray_L i s n o t l e s s t h a n Ray_L_c r i n a l l
c i r c u m s t a n c e s , w i l l h a v e t o a d d an
345 % o p t i o n f o r t h e t u r b u l e n t Nu_L f o r m u l a .
346 Nu_L = @(Tout ) ( 2 . 9 - 2 . 3 2 ∗ ( c o s ( a l t_rad ians ) )
^0 .8 ) ∗ ( (Gr_D(Tout ) ) ^( -1/12) ) ∗ (Ray_L(Tout ) )
^(1/4 + 1/12∗ ( c o s ( a l t_rad ians ) ) ^1 .2 ) ;
347
348 % h c o n v e c t i o n h e a t t r a n s f e r c o e f f i c i e n t f o r
o u t s i d e c a s i n g t o a m b i e n t
349 % b a s e d on c y l i n d e r l e n g t h
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350 h = @(Tout ) k_air (Tout ) /L_cyl ∗Nu_L(Tout ) ;
351
352 % As s t a t e d a b o v e , h e a t l o s s b y c o n d u c t i o n i s
e q u a l t o t h a t c o n v e c t e d a w a y f r o m
353 % t h e o u t e r s u r f a c e .
354 %%q_ c o n d = @ ( T o u t ) h ( T o u t ) ∗ p i ∗ d o ∗
w a l l _ s e c t i o n _ L ∗ ( T o u t - Tamb_C ) ;
355 q_cond = @(Tout ) h(Tout ) ∗ p i ∗ do ∗ wall_section_L
∗ ( delta_T (Tout ) ) ;
356
357 %
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
358 % F u n c t i o n t o b e s o l v e d b y f z e r o
359 % f ( T o u t ) = T o u t ( n +1 ) - T o u t ( n ) - - - - - f ( T o u t ) i s
z e r o w h e n f i n d c o r r e c t v a l u e o f T o u t .
S u b s t i t u t i n g g i v e s :
360 % f ( T o u t ) = T w a l l _ x - q _ c o n d ∗ l o g ( d o / d i _ x ) / ( 2 ∗ p i
∗ ( k _ i n s ) ∗ w a l l _ s e c t i o n _ L ) - T r c
361 %% f u n c = @ ( T o u t ) T w a l l _ i n _C ( i ) - ( h ( T o u t ) ∗ p i ∗
d o ∗ w a l l _ s e c t i o n _ L ∗ ( T o u t - Tamb_C ) ) ∗ l o g ( d o /
d i _ x ) / ( 2 ∗ p i ∗ ( k _ i n s ) ∗ w a l l _ s e c t i o n _ L ) - T o u t ;
362 func = @(Tout ) Twall_in_C( i ) - (h(Tout ) ∗ p i ∗ do ∗
wall_section_L ∗ delta_T (Tout ) ) ∗ l o g ( do/di_x )
/(2 ∗ p i ∗ ( k_ins ) ∗wall_section_L ) - Tout ;
363
364 Tout_0 = Twall_in_C( i ) /4 ; % i n i t i a l p o i n t
365 opt ions = opt imset ( ' Display ' , ' i t e r ' ) ; % s h o w
i t e r a t i o n s
366 [ Tout f v a l e x i t f l a g output ] = f z e r o ( func , Tout_0 ,
opt ions )
367
368 %
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
369 e l s e % a p e x ( i ==5) o r s h i e l d ( i ==6) - m o d e l a s
i n c l i n e d p l a t e
342
370 % G r a s h o f n um b e r
371 %%Gr = @ ( T o u t ) g ∗ b e t a ( T o u t ) ∗ ( T o u t - Tamb_C ) ∗ (
L _ p l a t e ( i - 4 ) ) ^ 3 / ( k i n _ v i s c ( T o u t ) ) ^ 2 ;
372 Gr = @(Tout ) g ∗ be t a (Tout ) ∗ ( delta_T (Tout ) ) ∗ (
L_plate ( i - 4 ) ) ^3/( k in_visc (Tout ) ) ^2;
373
374 % R a y l e i g h n um b e r m o d i f i e d f o r i n c l i n a t i o n
375 % C h e c k t h a t t h i s f i t s i n t h e r a n g e 1 0 e 5 <
G r e P r e c o s ( t h e t a ) < 1 0 e 1 1
376 Ray_cos = @(Tout ) Gr(Tout ) ∗Pr (Tout ) ∗ c o s (
a l t_rad ians ) ;
377
378 % N u s s e l t n um b e r f o r i n c l i n e d h e a t e d s u r f a c e
f r o m F u j i i & Imu r a , p 3 5 7 Ho lman .
379 % N o t e t h a t f o r t h e h e a t e d s u r f a c e f a c i n g UP , i f
t h e G r a s h o f n um b e r e x c e e d s t h e f o l l o w i n g
380 % c r i t i c a l G r a s h o f n u m b e r s - i . e . t u r b u l e n t f l o w
, an a d d i t i o n a l t e r m m u s t b e
381 % a d d e d t o t h e N u s s e l t n um b e r e q u a t i o n . H ow e v e r ,
t h e s e e x p e r i m e n t a l d a t a
382 % o n l y i n v o l v e l a m i n a r Gr ' s e x t e r n a l t o t h e
c a v i t y .
383 %
384 % t h e t a ( d e g ) G r c
385 % 15 5 e 9
386 % 30 2 e 9
387 % 60 1 e 8
388 % 75 1 e 6
389 %
390 % Nu = 0 . 1 4 ∗ ( ( G r e P r e ) ^ ( 1 / 3 ) - ( G r c P r e ) ^ ( 1 / 3 ) ) +
0 . 5 6 ∗ ( G r e P r e c o s ( t h e t a ) ) ^ ( 1 / 4 )
391
392 % N u s s e l t n um b e r f o r l a m i n a r f l o w
393 Nu = @(Tout ) 0 . 5 6 ∗ ( Ray_cos (Tout ) ) ^(1/4) ;
394
395 % h c o n v e c t i o n h e a t t r a n s f e r c o e f f i c i e n t f o r
o u t s i d e a p e x / s h i e l d t o a m b i e n t
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396 h = @(Tout ) k_air (Tout ) /L_plate ( i - 4 ) ∗Nu(Tout ) ;
397
398 % i n i t i a l g u e s s f o r o u t e r t e m p e r a t u r e
399 % a p e x s h
400 Twall_out_C_0 = [ Twall_in_C( i ) /4 , Twall_in_C( i )
/2 ]
401 %Tw a l l _ o u t _K = Tw a l l _ o u t _ C + 2 7 3 . 1 5
402
403 %
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
404 % F u n c t i o n t o b e s o l v e d b y f z e r o
405 % f ( T o u t ) = T o u t ( n +1 ) - T o u t ( n ) - - - - - f ( T r c ) i s
z e r o w h e n f i n d c o r r e c t v a l u e o f T r c .
S u b s t i t u t i n g g i v e s :
406 % f ( T o u t ) = Tw a l l _ i n _C ( i ) - q _ c o n v e c t ∗ t _ a v ( i ) / (
A r e a ( i ) ∗ k _ i n s ) - T o u t
407 %% f u n c = @ ( T o u t ) T w a l l _ i n _C ( i ) - h ( T o u t ) ∗
A r e a _ p l a t e ( i - 4 ) ∗ ( Tou t - Tamb_C ) ∗ t _ a v ( i - 4 ) / (
A r e a _ p l a t e ( i - 4 ) ∗ k _ i n s ) - T o u t ;
408 func = @(Tout ) Twall_in_C( i ) - h (Tout ) ∗
Area_plate ( i - 4 ) ∗ ( delta_T (Tout ) ) ∗ t_av ( i - 4 ) /(
Area_plate ( i - 4 ) ∗ k_ins ) - Tout ;
409 % i f A i n = Aou t , t h e a r e a s i n n u m e r a t o r a n d
d e n o m i n a t o r c a n c e l .
410
411 Tout_0 = Twall_out_C_0( i - 4 ) ; % i n i t i a l p o i n t
412 opt ions = opt imset ( ' Display ' , ' i t e r ' ) ; % s h o w
i t e r a t i o n s
413 [ Tout f v a l e x i t f l a g output ] = f z e r o ( func , Tout_0 ,
opt ions )
414
415 end
416
417 % Now we h a v e Tou t , e v a l u a t e a l l t h e f u n c t i o n s o f i t
:
418 %
344
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
419
420 Tout_K = Tout + 273 . 1 5 ;
421
422 % F i l m t e m p e r a t u r e u s e d f o r c y l i n d e r w a l l s
423 T_film_K = (Tout + Tamb_C) /2 + 273 . 1 5 ;
424
425 % R e f e r e n c e t e m p e r a t u r e f o r i n c l i n e d p l a t e , F u j i i &
Im u r a ( p 3 5 7 Ho lman )
426 Te_K = Tout_K - 0 . 2 5 ∗ (Tout_K - Tamb_K) ;
427
428 i f i <= 4 % c y l i n d e r w a l l s e c t i o n
429 di_x = di ( i )
430 be t a = 1/T_film_K ;
431 % T e m p e r a t u r e a t w h i c h t o e v a l u a t e p r o p e r t i e s i n
K :
432 Tprop_K = T_film_K ;
433 e l s e % i n c l i n e d p l a t e , F u j i i & Im u r a
434 %
∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
435 % P r o b a b l y n o - v e p r o b l e m s h e r e ( e v e n i f T ou t <
Tamb ) , a s i n K .
436 be t a = 1/(Tamb_K + 0 . 5 ∗ (Tout_K - Tamb_K) ) ;
437 % T e m p e r a t u r e a t w h i c h t o e v a l u a t e p r o p e r t i e s i n
K :
438 Tprop_K = Te_K;
439 end
440
441
442 % v ( k i n e m a t i c v i s c o s i t y , m2 / s )
443 kin_visc = 4.698E- 2 4 ∗ (Tprop_K)^6 - 3 .409E- 2 0 ∗ (
Tprop_K)^5 +9.952E- 1 7 ∗ (Tprop_K)^4
-0 .0000000000001532∗ (Tprop_K)^3
+0.0000000001942∗(Tprop_K)^2 +0.000000007827∗(
Tprop_K) -0 .0000006957 ;
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444
445 % k - t h e r m a l c o n d u c t i v i t y o f a i r
446 k_air = 6.143E- 1 8 ∗ (Tprop_K)^5 -
0 .00000000000003657∗(Tprop_K)^4 +
0.00000000008926∗ (Tprop_K)^3 - 0 .0000001115 ∗ (
Tprop_K)^2 + 0.0001234 ∗ (Tprop_K) - 0 . 002552 ;
447
448 % P r a n d t l n um b e r
449 Pr = i n t e r p 1 (Matrix_T_Pr ( : , 1) , Matrix_T_Pr ( : , 2) ,
Tprop_K) ;
450
451 % T h i s i s a c h e c k t o ma k e s u r e y o u don ' t e n d u p w i t h
n e g a t i v e
452 % G r a s h o f n u m b e r s a n d i m a g i n a r y N u s s e l t n u m b e r s :
453 delta_T = Tout - Tamb_C;
454
455 i f ( delta_T )< 0
456 delta_T = 0
457 end
458
459 i f i <= 4 % f r u s t u m w a l l s e g m e n t s - u s e h o r i z o n t a l
c y l i n d e r f o r c o n v e c t i o n o u t s i d e r e c e i v e r
460 % G r a s h o f n um b e r i n t e r m s o f d i a m e t e r
461 %%Gr_D = g ∗ b e t a ∗ ( T o u t - Tamb_C ) ∗ d o ^ 3 / ( k i n _ v i s c )
^ 2 ;
462 Gr_D = g ∗ be t a ∗ ( delta_T ) ∗do^3/( k in_visc ) ^2;
463
464 % i n t e r m s o f c y l i n d e r l e n g t h
465 %%Gr_L = g ∗ b e t a ∗ ( T o u t - Tamb_C ) ∗ L _ c y l ^ 3 / (
k i n _ v i s c ) ^ 2 ;
466 Gr_L = g ∗ be t a ∗ ( delta_T ) ∗L_cyl ^3/( k in_visc ) ^2;
467
468 % C r i t i c a l R a y l e i g h n um b e r b a s e d on l e n g t h
469 % B e l o w t h i s n umb e r , f l o w i s l a m i n a r
470 % A b o v e t h i s n umb e r , f l o w i s t u r b u l e n t
471 Ray_L_cr = 2 .6E9 + 1 .1E9∗ t an ( comp_alt_radians ) ;
472
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473 % R a y l e i g h n um b e r i n t e r m s o f l e n g t h
474 Ray_L = Gr_L∗Pr ;
475
476 % N u s s e l t n um b e r
477 %
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
478 % I n c l i n e d c y l i n d e r N u s s e l t n umb e r , f r o m
479 % Al - A r a b i & Kham i s , " N a t u r a l C o n v e c t i o n H e a t
T r a n s f e r f r o m I n c l i n e d C y l i n d e r s , "
480 % I n t e r n a t i o n a l J o u r n a l o f H e a t a n d Ma s s
T r a n s f e r , v o l . 2 5 , No . 1 , p p 3 - 1 5 , 1 9 8 2 .
481
482 % f o r l a m i n a r Ray_L
483 % NB : i f Ray_L i s n o t l e s s t h a n Ray_L_c r i n a l l
c i r c u m s t a n c e s , w i l l h a v e t o a d d an
484 % o p t i o n f o r t h e t u r b u l e n t Nu_L f o r m u l a .
485 Nu = (2 . 9 - 2 . 3 2 ∗ ( c o s ( a l t_rad ians ) ) ^0 .8 ) ∗ (Gr_D
^( -1/12) ) ∗ (Ray_L) ^(1/4 + 1/12∗ ( c o s (
a l t_rad ians ) ) ^1 .2 ) ;
486
487 % h c o n v e c t i o n h e a t t r a n s f e r c o e f f i c i e n t f o r
o u t s i d e c a s i n g t o a m b i e n t
488 % b a s e d on c y l i n d e r l e n g t h
489 h = k_air /L_cyl ∗Nu;
490
491 % As s t a t e d a b o v e , h e a t l o s s b y c o n d u c t i o n i s
e q u a l t o t h a t c o n v e c t e d a w a y f r o m
492 % t h e o u t e r s u r f a c e .
493 %% q _ c o n v e c t = h ∗ p i ∗ d o ∗ w a l l _ s e c t i o n _ L ∗ ( T o u t -
Tamb_C ) ;
494 q_convect = h ∗ p i ∗ do ∗ wall_section_L ∗ ( delta_T ) ;
495 q_cond = 2∗ p i ∗ k_ins ∗ wall_section_L ∗ (
Twall_in_C( i ) - Tout ) / l o g ( do/di_x ) ;
496
497 Gr_D_array = horzcat (Gr_D_array , Gr_D) ;
498 Gr_L_array = horzcat (Gr_L_array , Gr_L) ;
347
L. Matlab Script for Conduction Losses
499 Ray_L_cr_array = horzcat (Ray_L_cr_array ,
Ray_L_cr) ;
500 Ray_L_array = horzcat (Ray_L_array , Ray_L) ;
501
502 e l s e % s h i e l d / a p e x i n c l i n e d p l a t e , F u j i i & Im u r a
503 % G r a s h o f n um b e r
504 %%Gr = g ∗ b e t a ∗ ( T o u t - Tamb_C ) ∗ ( L _ p l a t e ( i - 4 ) ) ^ 3 / (
k i n _ v i s c ) ^ 2 ;
505 Gr = g ∗ be t a ∗ ( delta_T ) ∗ ( L_plate ( i - 4 ) ) ^3/( k in_visc
) ^2;
506
507
508 % R a y l e i g h n um b e r m o d i f i e d f o r i n c l i n a t i o n
509 % C h e c k t h a t t h i s f i t s i n t h e r a n g e 1 0 e 5 <
G r e P r e c o s ( t h e t a ) < 1 0 e 1 1
510 Ray_cos = Gr∗Pr ∗ c o s ( a l t_rad ians ) ;
511
512 % N u s s e l t n um b e r f o r i n c l i n e d h e a t e d s u r f a c e (
l a m i n a r f l o w ) f r o m F u j i i & Imu r a , p 3 5 7 Ho lman
.
513 Nu = 0 . 5 6 ∗ ( Ray_cos ) ^(1/4) ;
514
515 % h c o n v e c t i o n h e a t t r a n s f e r c o e f f i c i e n t f o r
o u t s i d e s h i e l d / a p e x t o a m b i e n t
516 h = k_air /L_plate ( i - 4 ) ∗Nu;
517
518
519 % c o n v e c t i o n h e a t t r a n s f e r f r o m o u t s i d e s h i e l d /
a p e x
520 % E q u a l t o c o n d u c t i o n l o s s b y c o n s e r v a t i o n o f
e n e r g y
521 %% q _ c o n v e c t = h ∗ A r e a _ p l a t e ( i - 4 ) ∗ ( T o u t - Tamb_C ) ;
522 q_convect = h ∗Area_plate ( i - 4 ) ∗ ( delta_T ) ;
523 q_cond = Area_plate ( i - 4 ) ∗ k_ins ∗ ( Twall_in_C( i ) -
Tout ) /t_av ( i - 4 ) ;
524
525 Gr_array = horzcat (Gr_array , Gr) ;
348
526 Ray_cos_array = horzcat (Ray_cos_array , Ray_cos ) ;
527
528 end
529
530 Tout_C_array = horzcat (Tout_C_array , Tout ) ;
531 Tprop_K_array = horzcat (Tprop_K_array , Tprop_K) ;
532 beta_array = horzcat ( beta_array , be t a ) ;
533 kin_visc_array = horzcat ( kin_visc_array , k in_visc ) ;
534 k_air_array = horzcat ( k_air_array , k_air ) ;
535 Pr_array = horzcat ( Pr_array , Pr ) ;
536
537 Nu_array = horzcat (Nu_array , Nu) ;
538 h_array = horzcat ( h_array , h) ;
539 k_ins_array = horzcat ( k_ins_array , k_ins ) ;
540 q_conv_array = horzcat ( q_conv_array , q_convect ) ;
541 q_cond_array = horzcat ( q_cond_array , q_cond ) ;
542 end
543
544 %
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
545 % P r i n t r e s u l t s f o r t h i s a l t i t u d e t o o u t p u t f i l e
546
547 Same_solar_alt = [ Solar_alt , So lar_alt , So lar_alt ,
So lar_alt , So lar_alt , So la r_a l t ] ;
548 % Ne e d t o u s e { } n o t [ ] h e r e .
549 Sec t i on s = { ' frustum -1 ' , ' frustum -2 ' , ' frustum -3 ' , '
frustum -4 ' , ' apex -5 ' , ' sh i e l d -6 ' } ;
550
551 Gr_D_array = horzcat (Gr_D_array , 0 , 0) ;
552 Gr_L_array = horzcat (Gr_L_array , 0 , 0) ;
553 Ray_L_cr_array = horzcat (Ray_L_cr_array , 0 , 0) ;
554 Ray_L_array = horzcat (Ray_L_array , 0 , 0) ;
555
556 sum_q_cond = sum ( q_cond_array ) ;
557 alt_sum = [ Solar_alt , sum_q_cond ] ;
558 Alts_sum_qcond = ve r t ca t (Alts_sum_qcond , alt_sum ) ;
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559
560 f o rma t shortE
561
562 % 19 c o l u m n s p l u s s o l a r a l t & s e c t i o n a t f r o n t = 2 1
563 Print_matrix = horzcat (Twall_in_K ' , Twall_in_C ' ,
Tout_C_array ' , Tprop_K_array ' , . . .
564 beta_array ' , kin_visc_array ' , k_air_array ' , Pr_array
' , Gr_D_array ' , Gr_L_array ' , . . .
565 Ray_L_cr_array ' , Ray_L_array ' , Gr_array ' ,
Ray_cos_array ' , Nu_array ' , h_array ' , . . .
566 k_ins_array ' , q_conv_array ' , q_cond_array ' )
567
568 format_str ing = '%.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g
\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t
%.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\n ' ;
569
570 % 21 e l e m e n t s - 2 0 z e r o s a n d s um_q_cond , s o s um_q_ c o n d
i s o f f s e t b y o n e c o l u m n f r o m q_ c o n d v a l u e s
571 sum_q_cond_array =
[0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , sum_q_cond
] ;
572 format_string_sum = '%.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t
%.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g
\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t
%.5g\n\n ' ;
573
574 % f o r s om e r e a s o n , e v e n t h o u g h M a t l a b o u t p u t s t h e
c o l u m n s c o r r e c t l y on t h e
575 % s c r e e n , y o u h a v e t o t r a n s p o s e i t ( M a t r i x ' ) o r p r i n t
r o w b y r ow t o s a v e r o w s a n d c o l s c o r r e c t l y i n t h e
576 % . t x t f i l e . . .
577 % f p r i n t f ( f i l e I D , f o r m a t _ s t r i n g , O u t p u t ' ) ;
578
579 %r o w s = s i z e ( S , d im )
580 Print_rows = s i z e ( Print_matrix , 1 ) ;
581
582 f o r j = 1 : Print_rows
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583 f p r i n t f ( f i l e ID , '%.3 f \ t ' , Same_solar_alt ( j ) ) ;
584 f p r i n t f ( f i l e ID , '%s\ t ' , S e c t i on s { j }) ;
585 % P r i n t j t h r o w
586 f p r i n t f ( f i l e ID , format_str ing , Print_matrix ( j , : ) ) ;
587 end
588
589 f p r i n t f ( f i l e ID , '%s\ t ' , 'Sum (W) ' ) ;
590 f p r i n t f ( f i l e ID , format_string_sum , sum_q_cond_array ) ;
591
592 end
593
594
595 % f o r m a t l o n g E
596
597 % P r i n t j u s t s o l a r a l t i t u d e s a n d c o n d u c t i o n sum f o r e a c h :
598 f p r i n t f ( f i l e ID , '%s\ t ' , ' So la r a l t ' ) ;
599 f p r i n t f ( f i l e ID , '%s\n ' , 'Cond sum (W) ' ) ;
600
601 f o r j = 1 : l e n g t h ( So l a r_a l t s )
602 f p r i n t f ( f i l e ID , '%.3 f \ t %.5g\n ' , Alts_sum_qcond ( j , : ) ) ;
603 end
604
605 f p r i n t f ( f i l e ID , '%s\n\ t ' , ' ' ) ;
606
607 % P r i n t d i m e n s i o n s u s e d t o o u t p u t f i l e
608 f o r i = 1 :4
609 s t r i n g = s t r c a t ( 'Wall_ ' , num2str ( i ) ) ;
610 f p r i n t f ( f i l e ID , '%s\ t ' , s t r i n g ) ;
611 end
612
613 f p r i n t f ( f i l e ID , ' \n%s\ t ' , ' di (m) ' ) ;
614 f p r i n t f ( f i l e ID , '%.5g\ t %.5g\ t %.5g\ t %.5g\n ' , d i ) ;
615
616 f p r i n t f ( f i l e ID , ' \n%s\ t ' , ' L_cyl (m) ' ) ;
617 f p r i n t f ( f i l e ID , '%.5g\n ' , L_cyl ) ;
618
619 f p r i n t f ( f i l e ID , '%s\ t ' , ' wall_section_L ' ) ;
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620 f p r i n t f ( f i l e ID , '%.5g\n ' , wall_section_L ) ;
621
622 f p r i n t f ( f i l e ID , ' \ t%s\ t ' , ' apex ' ) ;
623 f p r i n t f ( f i l e ID , '%s\n ' , ' s h i e l d ' ) ;
624 f p r i n t f ( f i l e ID , '%s\ t ' , ' t_av (m) ' ) ;
625 f p r i n t f ( f i l e ID , '%.5g\ t %.5g\n ' , t_av ) ;
626
627 f p r i n t f ( f i l e ID , '%s\ t ' , ' L_plate (m) ' ) ;
628 f p r i n t f ( f i l e ID , '%.5g\ t %.5g\n ' , L_plate ) ;
629
630 f p r i n t f ( f i l e ID , '%s\ t ' , 'Area_plate (m2) ' ) ;
631 f p r i n t f ( f i l e ID , '%.5g\ t %.5g\n\n ' , Area_plate ) ;
632
633
634 f c l o s e ( f i l e ID ) ;
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Appendix M.
Conduction Losses Including
Radiation from Exterior of Receiver
In Section 5.3, conduction losses through the receiver insulation are calculated by
equating them to convection losses from the receiver exterior. A more complete
analysis of conduction losses from the cavity receiver (qcond) would include radiation
losses from the exterior of the receiver (qrad ext) acting in parallel with convection
losses from the exterior (qconv ext). By the conservation of energy at steady state, or
pseudo steady state:
qcond = qrad ext + qconv ext (M.1)
For the conduction through the frustum walls, Equation M.1 becomes
2pikins4L (Twall,in − Twall,out)
ln
(
do
di
) = σAout (T 4wall,out − T 4amb)+ houtAout (Twall,out − Tamb)
(M.2)
Here:
kins is the thermal conductivity for the wall insulation, as discussed in Section
5.3.1.4.
4L is the length of one of the four sections into which the frustum/cylinder walls
are divided.
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Twall,in is the temperature on the inner surface of the wall, in K.
Twall,out is the temperature on the outer receiver surface (unknown), in K.
Tamb is the ambient temperature, in K.
do is the outer diameter of the cylindrical cavity receiver.
di is the inner diameter of the insulation, and varies depending on the section of
receiver wall in question, according to Table 5.6.
σ is the Stefan-Boltzmann constant.
 is the emissivity of the exterior of the receiver.
Aout is the area of the outer surface, depending on the section of receiver wall in
question.
hout is the convective heat transfer coefficient for the exterior of the receiver.
To iteratively solve for Twall,out , a function is needed that can be expressed in terms
of Twall,out. First we rearrange Equation M.2 to solve for Twall,in.
Twall,in =
ln
(
do
di
)
2pikins4L
[
σAout
(
T 4wall,out − T 4amb
)
+ houtAout (Twall,out − Tamb)
]
+ Twall,out
(M.3)
Then our function of Twall,out at iteration (n+ 1) is
f (Twall,out) = Twall,in(n+1) − Twall,in(n) = 0 (M.4)
f (Twall,out) = Twall,in(n+1)−
ln
(
do
di
)
Aout
2pikins4L
[
σ
(
T 4wall,out − T 4amb
)
+ hout (Twall,out − Tamb)
]
−Twall,out(n)
(M.5)
When the correct value of Twall,out is found, f (Twall,out) should equal zero. This
iterative solve was completed using a Matlab script with the built-in function fzero1,
1Mathsworks (2015). Documentation – fzero, http://www.mathworks.com.au/help/matlab/ref/fzero.html.
Accessed 5/3/2015.
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given in Appendix N. Twall,out was then used to calculate the conduction loss (qcond)
through the section of receiver wall in question. This process was repeated for each
wall section, and the conduction losses were then summed for all of the four annular
wall sections, and added to the conduction losses through the front shield and apex,
which are described below.
For the conduction through the receiver apex and front shield, Equation M.1 be-
comes
kinsAout (Twall,in − Twall,out)
4x = σAout
(
T 4wall,out − T 4amb
)
+ houtAout (Twall,out − Tamb)
(M.6)
Here 4x is the thickness of the insulation. Twall,in is given by
Twall,in =
4x
kins
[
σ
(
T 4wall,out − T 4amb
)
+ hout (Twall,out − Tamb)
]
+ Twall,out (M.7)
And the function to be solved to find Twall,out is
f (Twall,out) = Twall,in(n+1) − Twall,in(n) = 0 (M.8)
f (Twall,out) = Twall,in(n+1)−4x
kins
[
σ
(
T 4wall,out − T 4amb
)
+ hout (Twall,out − Tamb)
]
−Twall,out(n)
(M.9)
The above analysis was performed for the experimental conditions on 29th January
2010 with the 17.5º half cone receiver geometry. The results are shown in Figure
M.1 and compared with the conduction losses that were calculated neglecting the
effect of radiation from the exterior of the receiver, as per Section 5.3. At the
highest solar altitude of 71.8º (and highest temperatures), the difference between
the two conduction loss values is 208W. The total receiver losses for that data
point were 2,974W. Thus the difference represents 7% of total receiver losses in this
case, and clearly the effect of radiation from the exterior of the receiver should not
be neglected from future investigations. Further, inspection of the data points at
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high altitudes from the comparison of calculated and experimental receiver losses in
Figures 5.43 and 5.44 indicates that agreement between the total calculated and
experimental receiver losses would be improved by including the effect of radiation
from the exterior of the receiver, especially at high solar altitudes (and hence high
receiver temperatures).
Figure M.1: A comparison of receiver conduction losses calculated for the experimental
conditions on 29th January 2010. The top curve includes the effect of radiation from
the exterior of the receiver, while the lower curve neglects this. The losses shown are
the combined sum for the losses from each wall section.
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Appendix N.
Matlab Script for Conduction Losses
Including Radiation from Exterior of
Receiver
A Matlab script follows which was used to calculate conduction losses through the
receiver insulation, including both the effects of convection and radiation from the
exterior of the cavity receiver.
1 % c o n d u c t i o n _ N u _ i n c l i n e . m
2
3 % L e n g t h s f o r 1 7 . 5 º h a l f c o n e r e c e i v e r c o n f i g u r a t i o n .
4 %
5 % C a l c u l a t e c o n d u c t i o n l o s s e s t h r o u g h i n s u l a t e d w a l l s o f
r e c e i v e r ,
6 % s h i e l d a n d a p e x & a d d . U s e N u s s e l t n u m b e r s f o r i n c l i n e d
c y l i n d e r & p l a t e s .
7
8 %
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
9
10 % To r u n t h i s f i l e , f i r s t c h e c k :
11 % - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
12 % 1 ) i n p u t _ f i l e
13 % 2 ) C h o o s e o u t p u t " f i l e n a m e " k e q ( K o h l e n b a c h ) o r j u s t
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Receiver
K a o w o o l
14 % 3 ) S e t k _ i n s a c c o r d i n g l y ( c ommen t o n e o u t ) :
15 % - K a o w o o l e q u a t i o n o n l y . ( S e a r c h f o r " K a o w o o l l i n e
o f b e s t f i t " . )
16 % T h i s i s t h e c u r r e n t b e s t c h o i c e .
17 % - T h e r e i s a l s o an " i f " s t a t e m e n t ( s h o u l d b e
c omm e n t e d o u t )
18 % i n c l u d i n g K o h l e n b a c h ' s v a l u e f o r t h e r m a l
c o n d u c t i v i t y . H o w e v e r ,
19 % c o n s i d e r i n g b o t h c o n v e c t i v e l o s s e s a n d c o n d u c t i o n
l o s s e s a r e
20 % l i n e a r l y d e p e n d e n t on t e m p e r a t u r e d i f f e r e n c e , a n d
K o l e n b a c h ' s
21 % c o n v e c t i v e l o s s m o d e l w a s v e r y s i m p l i s t i c ( f l a t d i s c
/ p l a t e s i z e o f
22 % a p e r t u r e I t h i n k ) , t h e a c c u r a c y o f K o l e n b a c h ' s
c o n d u c t i v i t y v a l u e
23 % i s c a l l e d i n t o q u e s t i o n .
24 %
25
26 %
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
27
28 % Fo r n o t e s on a n o n ym o u s f u n c t i o n u s e , s e e
29 % h t t p : / / s t a c k o v e r f l o w . com / q u e s t i o n s / 6 1 3 6 0 5 0 / e r r o r - u s i n g -
f z e r o - i n - m a t l a b - un
30 % d e f i n e d - f u n c t i o n - o r - m e t h o d - d e t - f o r - i n p u t - a r g um e
31
32 % c l e a r command w i n d o w
33 c l c
34
35 % c l e a r p r e v i o u s v a l u e s o f v a r i a b l e s
36 c l e a r
37
38 % I n n e r d i a m e t e r (m) - i . e . f r o m c e n t r e l i n e o f r e c e i v e r t o
i n s u l a t i o n
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39 % d i _ 4 i s n e a r t h e m a n i f o l d w h i l e d i _ 1 i s n e a r t h e a p e r t u r e
p l a n e .
40 % O r i g i n a l c a l c u l a t i o n s o f d i ' s - s e e ~ p 1 3 3 S aw a t ' s t h e s i s .
41 % d i = ( m e d i a n p o i n t ) / 0 . 5 7 m ∗ ( 0 . 4 9 3 - 0 . 2 6 9 ) + 0 . 2 6 9
42 % C e l l I 3 i n s h e e t " Cond 6 . 2 5 cm e t c " i n " 1 0 t h F e b 2 0 1 0 e x c e l .
x l s "
43 % d i _ 1_ a p d i _ 2 d i _ 3 d i_4_man
44 % d i = [ 0 . 4 6 5 0 . 4 0 9 0 . 3 5 3 0 . 2 9 7 ] ;
45
46 % C e l l J 3 d own i n s h e e t " Cond 6 . 2 5 cm N u _ i n c l i n e " i n " 1 0
t h F e b 2 0 1 0 e x c e l . x l s "
47 % d i _ 1_ a p d i _ 2 d i _ 3 d i_4_man
48 di = [ 0 . 4 6 6 , 0 . 419 , 0 . 371 , 0 . 3 2 4 ] ;
49
50 % O u t e r d i a m e t e r (m)
51 do = 0 . 6 0 5 ;
52
53 % L e n g t h o f t o t a l c y l i n d e r & w a l l s e c t i o n (m) - NB t h i s w i l l
c h a n g e f o r
54 % 7 . 5 d e g a n d 3 . 7 d e g c a s e s
55 L_cyl = 0 .59
56 wall_section_L = L_cyl/4
57
58 % A v e r a g e i n s u l a t i o n t h i c k n e s s f o r s h i e l d & a p e x
59 % a p e x s h
60 t_av = [ 0 . 1 , 0 . 0 2 ] %m
61
62 % C h a r a c t e r i s t i c l e n g t h f o r f r o n t s h i e l d , a p e x ( d i a m e t e r o f
i n s i d e s u r f a c e )
63 % ! ! ! ! ! C o u l d t r y v a r y i n g t h i s f o r f r o n t s h i e l d . . . .
64 % a p e x s h
65 L_plate = [ 0 . 3 , 0 . 2 8 6 ] %m
66 % L _ p l a t e = [ 0 . 3 , 0 . 1 7 0 7 ] %m 0 . 1 7 0 7 w a s o n l y h a l f l e n g t h o f
a v e r a g e b o u n d a r y
67 % l a y e r . S e e " O u t e r c o n v e c t i o n c h a r a c t e r i s t i c l e n g t h c a l c .
x l s " a n d 8 t h
68 % n o t e b o o k 7 / 0 6 / 2 0 1 3 & 2 2 / 6 / 2 0 1 3 .
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69
70 % A r e a f o r a p e x , s h i e l d
71 % a p e x s h
72 Area_plate = [ 0 . 0 7 07 , 0 . 1 6 9 ] %m^2
73 %A r e a _ p l a t e = [ 0 . 0 7 0 7 , 0 . 1 6 1 9 5 ] %m^2
74
75 % k - t h e r m a l c o n d u c t i v i t y
76 % k _ i n s = 0 . 1 5 % W/m . ºC % v a l u e f r o m S aw a t ' s t h e s i s
77
78 % V a l u e s f r o m K o h l e n b a c h p 5 1 - n o t e h e c a l c u l a t e d t h e
e m i s s i v i t y 0 . 3 5 W/m . ºC f o r an
79 % i n t i a l r e a c t o r t u b e t em p o f 6 0 0 ºC . From 1 0 t h F e b 2 0 1 0 e x c e l .
x l s s h e e t " Temp s " ,
80 % c e l l BC54 , t h e a v e r a g e d i f f e r e n c e b e t w e e n Tc 7 - 3 ( 2 0 cm )
a n d a c o n s t a n t
81 % w a l l t e m p e r a t u r e i s 9 1 ºC . H e n c e 5 0 9 ºC i s u s e d h e r e - a l s o
m a k e s g r a p h o f k
82 % v a l u e s p a r a l l e l t o l i t e r a t u r e - g o o d s i g n .
83 % Temp ( ºC ) k (W/m . ºC )
84 % k _ i n s _ m a t r i x = [ 7 0 0 . 1 8 ;
85 % 5 0 9 0 . 3 5 ]
86 % C u r r e n t l y u s i n g l i n e a r t r e n d l i n e f i t t o t h e s e 2 p o i n t s , t o
a v o i d o u t - o f - b o u n d s
87 % e x c e p t i o n d u r i n g i n t e r p o l a t i o n w h e n T o u t i s b e i n g f o u n d b y
i t e r a t i o n . L o c a t e d
88 % j u s t i n s i d e t h e " f o r i = 1 : 6 " l o o p t h a t l o o p s t h r o u g h e a c h
i n s u l a t i o n s e c t i o n .
89
90 % S i m i l a r l y now u s i n g a t r e n d l i n e i n l i e u o f i n t e r p o l a t i o n
w i t h
91 % k _ i n s _ k a o w o o l f o r t h e
92 %{
93 k_ins_kaowool = [
94 -80 0 . 0 2 2 ;
95 260 0 . 077831 ;
96 537 .8 0 . 193136 ;
97 815 .6 0 . 357446 ;
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98 982 .2 0 . 465544 ;
99 1093 .3 0 . 5 3 9 0 5 1 ] ;
100 %}
101
102 %
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
103 % R e a d i n g i n t e m p e r a t u r e f i l e s
104 % i n p u t _ f i l e = ' 1 0 t h F e b _ s h o r t - t u b e _ 6 - 2 5 c m _ c o n s t a n t _ w a l l _ t e m p s
. t x t '
105 % i n p u t _ f i l e = ' 2 9 t h J a n _ c o n s t a n t _ w a l l _ t e m p s . t x t '
106 % i n p u t _ f i l e = ' 2 9 t h J a n_ 6 - 5 c m _ e t c _ t e m p s _ w a l l s _ a s _ t u b e s - -
m a n i f o l d _ C a v B o t . t x t '
107 % i n p u t _ f i l e = ' 1 0 t h F e b _ 6 - 2 5 c m _ e t c _ t e m p s _ w a l l s _ a s _ t u b e s - -
m a n i f o l d _ C a v B o t . t x t '
108 % i n p u t _ f i l e = ' 1 0 t h F e b _ 6 - 2 5 c m _ e t c _ t e m p s _ w a l l s _ a s _ t u b e s - -
m a n i f o l d - 7 - 1 . t x t '
109 i n pu t_ f i l e = ' 29thJan_6 -5 cm_etc_temps_walls_as_tubes - -
manifold - 7 - 1 . txt '
110 % ! ! ! ! C h e c k i f i n p u t f i l e i s i n K o r ºC an d s e t t e m p s
a c c o r d i n g l y
111
112 Alts_temps = l o a d ( i npu t_ f i l e ) ;
113
114 % P r i n t ' c h e c k i n d e g C '
115
116 %r o w s = s i z e ( S , d im )
117 rows = s i z e ( Alts_temps , 1 )
118 c o l s = s i z e ( Alts_temps , 2 )
119
120
121 % Fo r 1 0 t h Feb , 2 9 t h J a n " w a l l s _ a s _ t u b e s " t e m p e r a t u r e f i l e s ,
c o l u m n s a r e :
122 % S o l a r _ a l t , Ap_temp , B o t _ t em p ( s h i e l d ) , Row0_t emp , Row1_t emp
, Row2_t emp , Row3_t emp , Man_temp
123 % A c c e s s M a t r i x ( row , c o l )
124 So la r_a l t s = Alts_temps ( : , 1) ;
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125 Ap_temp = Alts_temps ( : , 2) ;
126 Sh_temp = Alts_temps ( : , 3) ;
127
128 i f c o l s == 8
129 Wall_0_temp = Alts_temps ( : , 4) ;
130 Wall_1_temp = Alts_temps ( : , 5) ;
131 Wall_2_temp = Alts_temps ( : , 6) ;
132 Wall_3_temp = Alts_temps ( : , 7) ;
133 Man_temp = Alts_temps ( : , 8) ;
134
135 e l s e i f c o l s > 8
136 % Fo r f i l e s w i t h d i f f e r e n t w a l l a n d t u b e t em p s , c o l u m n s a r e :
137 % S o l a r a l t , A p e r t u r e , B o t t o m ( s h i e l d ) , t u b e ( 6 . 5 ) , t u b e
( 1 9 . 5 ) , t u b e ( 3 2 . 5 ) ,
138 % t u b e ( 4 5 . 5 ) , M a n i f o l d , Top i n s u l a t i o n , w a l l _ 0 , w a l l _ 1 ,
w a l l _ 2 , w a l l _ 3 .
139 Tube0_temp = Alts_temps ( : , 4) ;
140 Tube1_temp = Alts_temps ( : , 5) ;
141 Tube2_temp = Alts_temps ( : , 6) ;
142 Tube3_temp = Alts_temps ( : , 7) ;
143 Man_temp = Alts_temps ( : , 8) ;
144 Top_temp = Alts_temps ( : , 9) ;
145 Wall_0_temp = Alts_temps ( : , 10) ;
146 Wall_1_temp = Alts_temps ( : , 11) ;
147 Wall_2_temp = Alts_temps ( : , 12) ;
148 Wall_3_temp = Alts_temps ( : , 13) ;
149
150 end
151
152 % P r i n t h e a d e r s t o o u t p u t f i l e
153 % f i l e n a m e = s t r c a t ( ' Co n d u c t _ k_ 0 - 3 5 - - n ew_d i_L s h_0 - 2 8 6 m_Ash_0
- 1 6 9 m2 - - t u b e _ t e m p s _ ' , i n p u t _ f i l e )
154 % f i l e n a m e = s t r c a t ( ' C o n d u c t _ k _ e q - n ew_d i_L s h_0 - 2 8 6 m_Ash_0 - 1 6 9
m2 - - t u b e _ t e m p s _ ' , i n p u t _ f i l e )
155 % f i l e n a m e = s t r c a t ( ' C o n d u c t _ k _ e q - n ew_d i_L s h_0 - 2 8 6 m_Ash_0 - 1 6 9
m2 - - w a l l _ t e m p s _ ' , i n p u t _ f i l e )
156 % f i l e n a m e = s t r c a t ( ' C o n d u c t _ k _ e q _ j u s t _ k a o w o o l - n e w_d i_L s h_0
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- 2 8 6 m_Ash_0 - 1 6 9 m2 - - w a l l _ t e m p s _ ' , i n p u t _ f i l e )
157 % f i l e n a m e = s t r c a t ( ' C o n d u c t _ k_ e q_ i nK - - n ew_d i_L s h_0 - 2 8 6
m_Ash_0 - 1 6 9 m2 - - t u b e _ t e m p s _ ' , i n p u t _ f i l e )
158 % f i l e n a m e = s t r c a t ( ' Co n d u c t _ L s h_ 0 - 2 8 6 m_Ash_0 - 1 6 1 m2 - - ' ,
i n p u t _ f i l e )
159 % f i l e n a m e = s t r c a t ( ' C o n d u c t _ k _ e q _ j u s t _ k a o w o o l - - w a l l _ t e m p s _ ' ,
i n p u t _ f i l e )
160 % f i l e n a m e = s t r c a t ( ' C o n d u c t _ k _ e q - - w a l l _ t e m p s _ ' , i n p u t _ f i l e )
161 % f i l e n a m e = s t r c a t ( ' C o n d u c t _ k _ e q _ j u s t _ k a o w o o l - - ' , i n p u t _ f i l e
)
162 f i l ename = s t r c a t ( 'Conduct_conv_and_rad2 - - ' , i n pu t_ f i l e )
163 f i l e ID = f o p e n ( f i l ename , 'wt ' ) ;
164
165 header1 = { 'Conduction Losses (W) f o r input f i l e below ' } ;
166 header2 = { ' So lar_a l t ' , ' Sect i on ' , 'Tin_K ' , 'Tin_C ' , 'Tout_K
' , 'Tout_C ' , 'Tprop_K ' , ' beta ' , ' kin_visc (m2/ s ) ' , ' k_air
(W/m.K) ' , . . .
167 'Pr ' , 'Gr_D ' , 'Gr_L ' , 'Ray_L_cr ' , 'Ray_L ' , 'Gr ' , '
Ray_cos ' , 'Nu ' , 'h (W/m2. ºC) ' , . . .
168 ' k_ins (W/m. ºC) ' , ' q_conv (W) ' , ' q_rad (W) ' , ' q_cond (W)
' } ;
169
170 f p r i n t f ( f i l e ID , '%s\n ' , header1 { : } ) ;
171 f p r i n t f ( f i l e ID , '%s\n ' , i n pu t_ f i l e ) ;
172 % h e a d e r 2 m u s t c o n s i s t o f many s m a l l e r s t r i n g s f o r t h i s t o
w o r k
173 f o r i= 1 : ( l e n g t h ( header2 ) -1)
174 f p r i n t f ( f i l e ID , '%s\ t ' , header2{ i }) ;
175 end
176 f p r i n t f ( f i l e ID , '%s\n ' , header2{ l e n g t h ( header2 ) }) ;
177
178 %
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
179 % R e p e a t i t e r a t i v e f i n d o f T o u t f o r e a c h s o l a r a l t i t u d e i n
i n p u t f i l e
180 Alts_sum_qcond = [ ] ;
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181
182 f o r j = 1 : l e n g t h ( So l a r_a l t s ) % l e n g t h o f l o n g e s t d i m e n s i o n
183 row = j ;
184 So lar_a l t = So la r_a l t s ( j )
185 a l t_rad ians = So la r_a l t /180∗ p i ;
186
187 % C om p l e m e n t o f S o l a r a l t i t u d e i n r a d i a n s . ( C om p l e m e n t
b e c a u s e
188 % Al - A r a b i m e a s u r e d a n g l e f r o m t h e v e r t i c a l , n o t
h o r i z o n t a l . )
189 Comp_solar_alt = 90 - So la r_a l t ;
190 comp_alt_radians = Comp_solar_alt /180∗ p i ;
191
192 % Wa l l t e m p e r a t u r e s f o r g i v e n s o l a r a l t i t u d e i n K
193 % Fo r f i r s t t r y t h r o u g h , u s e t u b e t e m p s s o c a n c o m p a r e
t o s p r e a d s h e e t r e s u l t s
194 %Tw a l l _ i n _K = [ T u b e 0 _ t em p ( r o w ) T u b e 1 _ t em p ( r o w )
T u b e 2 _ t em p ( r o w ) T u b e 3 _ t em p ( r o w ) Man_temp ( r o w )
S h_ t em p ( r o w ) ] ; % K
195
196 % Now t r y i n g w a l l t e m p s :
197 Twall_in_K = [Wall_0_temp( row ) Wall_1_temp( row )
Wall_2_temp( row ) Wall_3_temp( row ) Man_temp( row )
Sh_temp( row ) ] ; % K
198 Twall_in_C = Twall_in_K - 273 .15 %ºC , s u b t r a c t s 2 7 3 . 1 5
f r o m a l l e l e m e n t s o f T w a l l _ i n _K
199
200 % Am b i e n t t e m p e r a t u r e f o r g i v e n s o l a r a l t i t u d e i n ºC
201 Tamb_K = Ap_temp( row )
202 Tamb_C = Tamb_K - 273 .15
203
204 % a c c e l e r a t i o n d u e t o g r a v i t y (m/ s 2 )
205 g = 9 . 8 1 ;
206
207 % I n i t i a l i s e a r r a y s :
208 Tout_K_array = [ ] ;
209 Tout_C_array = [ ] ;
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210 Tprop_K_array = [ ] ;
211 beta_array = [ ] ;
212 kin_visc_array = [ ] ;
213 k_air_array = [ ] ;
214 Pr_array = [ ] ;
215
216 Gr_D_array = [ ] ;
217 Gr_L_array = [ ] ;
218 Ray_L_cr_array = [ ] ;
219 Ray_L_array = [ ] ;
220
221 Gr_array = [ 0 , 0 , 0 , 0 ] ;
222 Ray_cos_array = [ 0 , 0 , 0 , 0 ] ;
223
224 Nu_array = [ ] ;
225 h_array = [ ] ;
226 k_ins_array = [ ] ;
227 q_conv_array = [ ] ;
228 q_rad_array = [ ] ;
229 q_cond_array = [ ] ;
230
231 % R a d i a t i o n l o s s c o n s t a n t s
232 %
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
233 %S t e f a n - B o l t z m a n n c o n s t a n t W/m2 . K4
234 sigma = 5.699 e -8
235 % E m i s s i v i t y o f s t a i n l e s s s t e e l a t 2 0 0 ºC f r o m I n c r o p e r a
a n d
236 %D eW i t t
237 emiss = 0.22
238
239 %
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
240
241 % r e p e a t f o r w a l l s e c t i o n s 1 - 4 , a p e x ( i ==5) & s h i e l d ( i
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==6) .
242 f o r i = 1 :6
243 i
244
245 % k _ i n s = 0 . 1 5 % W/m . ºC % v a l u e f r o m S aw a t ' s t h e s i s
246
247 % K a o w o o l l i n e o f b e s t f i t , t e m p i n K
248 k_ins = -2 .3660E- 1 0 ∗ ( Twall_in_K( i ) ) ^3 + 8.8904E- 0 7 ∗ (
Twall_in_K( i ) ) ^2 - 4 .5415E- 0 4 ∗ ( Twall_in_K( i ) ) +
1.0308E- 0 1 ;
249
250 %{
251 % T h e r m a l c o n d u c t i v i t y
252 i f i<= 5 % f o r c y l & a p e x i n s u l a t i o n
253 % V a l u e s f r o m K o h l e n b a c h p 5 1
254 % T h i s e q u a t i o n w a s t h e l i n e f o r m e d b e t w e e n t h e
t w o p o i n t s i n
255 % k _ i n s _ m a t r i x , c o mm e n t e d o u t a b o v e . ( N o t
i n t e r p o l a t e d , i n c a s e
256 % v a l u e i s o u t o f b o u n d s o f t h e m a t r i x . )
257 k_ins = 3.8724E- 0 4 ∗ ( Twall_in_K( i ) ) + 4.7117E- 0 2 ;
258
259 e l s e % f o r s h i e l d
260 % K a o w o o l l i n e o f b e s t f i t , t e m p i n K
261 k_ins = -2 .3660E- 1 0 ∗ ( Twall_in_K( i ) ) ^3 + 8.8904E
- 0 7 ∗ ( Twall_in_K( i ) ) ^2 - 4 .5415E- 0 4 ∗ (
Twall_in_K( i ) ) + 1.0308E- 0 1 ;
262 end
263 %}
264
265 % P r a n d t l n um b e r
266 %T (K ) Pr
267 Matrix_T_Pr = [
268 250 0 . 7 2 2 ;
269 300 0 . 7 0 8 ;
270 350 0 . 6 9 7 ;
271 400 0 . 6 8 9 ;
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272 450 0 . 6 8 3 ;
273 500 0 . 6 8 0 ;
274 550 0 . 6 8 0 ;
275 600 0 . 6 8 0 ;
276 650 0 . 6 8 2 ;
277 700 0 . 6 8 4 ;
278 750 0 . 6 8 6 ] ;
279
280 % To u t i s i n ºC
281
282 Tout_K = @(Tout ) Tout + 273 . 1 5 ;
283
284 % F i l m t e m p e r a t u r e u s e d f o r c y l i n d e r w a l l s
285 T_film_K = @(Tout ) (Tout + Tamb_C) /2 + 273 . 1 5 ;
286
287 % R e f e r e n c e t e m p e r a t u r e f o r i n c l i n e d p l a t e , F u j i i &
Im u r a ( p 3 5 7 Ho lman )
288 Te_K = @(Tout ) Tout_K(Tout ) - 0 . 2 5 ∗ (Tout_K(Tout )
- Tamb_K) ;
289
290 i f i <= 4 % c y l i n d e r w a l l s e c t i o n
291 di_x = di ( i )
292 be t a = @(Tout ) 1/T_film_K(Tout ) ;
293 % T e m p e r a t u r e a t w h i c h t o e v a l u a t e p r o p e r t i e s i n
K :
294 Tprop_K = @(Tout ) T_film_K(Tout ) ;
295 e l s e % i n c l i n e d p l a t e , F u j i i & Im u r a
296 be t a = @(Tout ) 1/(Tamb_K + 0 . 5 ∗ (Tout_K(Tout )
- Tamb_K) ) ;
297 % T e m p e r a t u r e a t w h i c h t o e v a l u a t e p r o p e r t i e s i n
K :
298 Tprop_K = @(Tout ) Te_K(Tout ) ;
299 end
300
301 % v a n d k f r o m f i t s i n A p p e n d i x D T a u m o e f o l a u ( 2 0 0 4 )
, d e r i v e d f r o m Ho lman
302 % ( 1 9 9 7 ) T a b l e A - 5 , p 6 4 6 . ( F i t s f o r a l p h a a n d Pr don
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' t s e em t o b e v e r y a c c u r a t e
303 % i n t h i s r a n g e , s o i n t e r p o l a t i o n f r o m t a b u l a t e d
H o lm an d a t a i s b e i n g u s e d i n s t e a d . )
304
305 % v ( k i n e m a t i c v i s c o s i t y , m2 / s )
306 kin_visc = @(Tout ) 4 .698E- 2 4 ∗ (Tprop_K(Tout ) ) ^6 -
3 .409E- 2 0 ∗ (Tprop_K(Tout ) ) ^5 +9.952E- 1 7 ∗ (Tprop_K(
Tout ) ) ^4 -0 .0000000000001532 ∗ (Tprop_K(Tout ) ) ^3
+0.0000000001942∗(Tprop_K(Tout ) ) ^2
+0.000000007827∗(Tprop_K(Tout ) ) -0 .0000006957 ;
307
308 % k - t h e r m a l c o n d u c t i v i t y o f a i r
309 k_air = @(Tout ) 6 .143E- 1 8 ∗ (Tprop_K(Tout ) ) ^5 -
0 .00000000000003657∗(Tprop_K(Tout ) ) ^4 +
0.00000000008926∗ (Tprop_K(Tout ) ) ^3 -
0 .0000001115 ∗ (Tprop_K(Tout ) ) ^2 + 0 .0001234 ∗ (
Tprop_K(Tout ) ) - 0 . 002552 ;
310
311 % P r a n d t l n um b e r
312 Pr = @(Tout ) i n t e r p 1 (Matrix_T_Pr ( : , 1) , Matrix_T_Pr
( : , 2) , Tprop_K(Tout ) ) ;
313
314 % T h i s i s a c h e c k t o ma k e s u r e y o u don ' t e n d u p w i t h
n e g a t i v e G r a s h o f
315 % n um b e r s a n d i m a g i n a r y N u s s e l t n u m b e r s . I d e a l l y
t h i s w o u l d b e d o n e
316 % i n a c o n d i t i o n a l " i f " s t a t e m e n t , b u t ( T o u t -
Tamb_C ) > 0 c o u l d n ' t
317 % b e e v a l u a t e d o u t s i d e an @ ( T o u t ) e q u a t i o n , a n d 1
i s n ' t a f u n c t i o n
318 % o f ( T o u t ) .
319 % Ad d e d 1 h e r e i n s e c o n d t e r m t o a v o i d d i v i d i n g b y 0
i f Gr_D s e t t o 0 .
320 % ( - v e p o w e r i n N u s s e l t e q n m e a n s 1 / ( Gr_D r a i s e d t o
t h e p o w e r ) . )
321
322 % I f ( T o u t > Tamb_C ) , d e l t a _ T = T o u t - Tamb_C
368
323 % O t h e r w i s e d e l t a _ T = 1 ( ºC )
324
325 delta_T = @(Tout ) (Tout - Tamb_C) ∗ ( Tout > Tamb_C) +
1 ∗ ( Tout <= Tamb_C) ;
326
327
328 % I d e a f r o m " An o n ymo u s f u n c t i o n s a n d c o n d i t i o n a l
l o g i c ? "
329 % h t t p : / / www . m a t h w o r k s . com . a u / m a t l a b c e n t r a l / a n s w e r s
/ 1 9 7 1 5
330
331 i f i <= 4 % f r u s t u m w a l l s e g m e n t s - u s e h o r i z o n t a l
c y l i n d e r f o r c o n v e c t i o n o u t s i d e r e c e i v e r
332 % G r a s h o f n um b e r
333 % i n t e r m s o f d i a m e t e r
334 %%Gr_D = @ ( T o u t ) g ∗ b e t a ( T o u t ) ∗ ( T o u t - Tamb_C ) ∗ d o
^ 3 / ( k i n _ v i s c ( T o u t ) ) ^ 2 ;
335 Gr_D = @(Tout ) g ∗ be t a (Tout ) ∗ ( delta_T (Tout ) ) ∗do
^3/( k in_visc (Tout ) ) ^2;
336
337 % i n t e r m s o f c y l i n d e r l e n g t h
338 %%Gr_L = @ ( T o u t ) g ∗ b e t a ( T o u t ) ∗ ( T o u t - Tamb_C ) ∗
L _ c y l ^ 3 / ( k i n _ v i s c ( T o u t ) ) ^ 2 ;
339 Gr_L = @(Tout ) g ∗ be t a (Tout ) ∗ ( delta_T (Tout ) ) ∗
L_cyl ^3/( k in_visc (Tout ) ) ^2;
340
341 % C r i t i c a l R a y l e i g h n um b e r b a s e d on l e n g t h
342 % B e l o w t h i s n umb e r , f l o w i s l a m i n a r
343 % A b o v e t h i s n umb e r , f l o w i s t u r b u l e n t
344 Ray_L_cr = 2 .6E9 + 1 .1E9∗ t an ( comp_alt_radians )
345
346 % R a y l e i g h n um b e r i n t e r m s o f l e n g t h
347 Ray_L = @(Tout ) Gr_L(Tout ) ∗Pr (Tout ) ;
348
349 % N u s s e l t n um b e r
350 %
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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351 % I n c l i n e d c y l i n d e r N u s s e l t n umb e r , f r o m
352 % Al - A r a b i & Kham i s , " N a t u r a l C o n v e c t i o n H e a t
T r a n s f e r f r o m I n c l i n e d C y l i n d e r s , "
353 % I n t e r n a t i o n a l J o u r n a l o f H e a t a n d Ma s s
T r a n s f e r , v o l . 2 5 , No . 1 , p p 3 - 1 5 , 1 9 8 2 .
354
355 % f o r l a m i n a r Ray_L
356 % NB : i f Ray_L i s n o t l e s s t h a n Ray_L_c r i n a l l
c i r c u m s t a n c e s , w i l l h a v e t o a d d an
357 % o p t i o n f o r t h e t u r b u l e n t Nu_L f o r m u l a .
358 Nu_L = @(Tout ) ( 2 . 9 - 2 . 3 2 ∗ ( c o s ( a l t_rad ians ) )
^0 .8 ) ∗ ( (Gr_D(Tout ) ) ^( -1/12) ) ∗ (Ray_L(Tout ) )
^(1/4 + 1/12∗ ( c o s ( a l t_rad ians ) ) ^1 .2 ) ;
359
360 % h c o n v e c t i o n h e a t t r a n s f e r c o e f f i c i e n t f o r
o u t s i d e c a s i n g t o a m b i e n t
361 % b a s e d on c y l i n d e r l e n g t h
362 h = @(Tout ) k_air (Tout ) /L_cyl ∗Nu_L(Tout ) ;
363
364 %
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
365 % As s t a t e d a b o v e , h e a t l o s s b y c o n d u c t i o n i s
e q u a l t o t h a t c o n v e c t e d a w a y f r o m
366 % t h e o u t e r s u r f a c e PLUS t h a t l o s t b y r a d i a t i o n
f r o m t h e o u t e r s u r f a c e .
367 % q_ c o n d = q _ c o n v + q _ r a d
368 % - - INCORRECT - d o e s n o t i n c l u d e r a d i a t i o n - -%
q_ c o n d = @ ( T o u t ) h ( T o u t ) ∗ p i ∗ d o ∗
w a l l _ s e c t i o n _ L ∗ ( T o u t - Tamb_C ) ;
369 %q_ c o n d = @ ( T o u t ) h ( T o u t ) ∗ p i ∗ d o ∗
w a l l _ s e c t i o n _ L ∗ ( d e l t a _ T ( T o u t ) ) + s i g m a ∗ e m i s s ∗
p i ∗ d o ∗ w a l l _ s e c t i o n _ L ∗ ( Tou t_K ^4 - Tamb_K ^ 4 )
;
370 % D i r e c t c a l c o f q _ c o n d
371 %q_ c o n d = @ ( T o u t ) 2 ∗ p i ∗ ( k _ i n s ) ∗ w a l l _ s e c t i o n _ L ∗
370
d e l t a _ T ( T o u t ) / l o g ( d o / d i _ x )
372
373 %
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
374 % F u n c t i o n t o b e s o l v e d b y f z e r o
375 % f ( T o u t ) = T o u t ( n +1 ) - T o u t ( n ) - - - - - f ( T o u t ) i s
z e r o w h e n f i n d c o r r e c t v a l u e o f T o u t .
376 % - - INCORRECT - d o e s n o t i n c l u d e r a d i a t i o n - - f (
T o u t ) = T w a l l _ x - q _ c o n d ∗ l o g ( d o / d i _ x ) / ( 2 ∗ p i ∗ (
k _ i n s ) ∗ w a l l _ s e c t i o n _ L ) - T r c
377 % - - INCORRECT - d o e s n o t i n c l u d e r a d i a t i o n - -%
f u n c = @ ( T o u t ) T w a l l _ i n _C ( i ) - ( h ( T o u t ) ∗ p i ∗
d o ∗ w a l l _ s e c t i o n _ L ∗ ( T o u t - Tamb_C ) ) ∗ l o g ( d o /
d i _ x ) / ( 2 ∗ p i ∗ ( k _ i n s ) ∗ w a l l _ s e c t i o n _ L ) - T o u t ;
378 % - - INCORRECT - d o e s n o t i n c l u d e r a d i a t i o n - -
f u n c = @ ( T o u t ) T w a l l _ i n _C ( i ) - ( h ( T o u t ) ∗ p i ∗
d o ∗ w a l l _ s e c t i o n _ L ∗ d e l t a _ T ( T o u t ) ) ∗ l o g ( d o / d i _ x
) / ( 2 ∗ p i ∗ ( k _ i n s ) ∗ w a l l _ s e c t i o n _ L ) - T o u t ;
379
380 % T h i s i s an e q u i v a l e n t f u n c t i o n o f T o u t ( b u t
much e a s i e r t o s o l v e ) w h i c h i s a l s o z e r o w h e n
y o u f i n d c o r r e c t v a l u e o f T o u t .
381 % f ( T o u t ) = Tw a l l _ i n _C ( n +1 ) - T w a l l _ i n _C ( n )
- - - - - f ( T o u t ) i s z e r o w h e n f i n d c o r r e c t v a l u e
o f T o u t . S u b s t i t u t i n g g i v e s :
382 func = @(Tout ) Twall_in_C( i ) - l o g ( do/di_x ) ∗ (
sigma ∗ emiss ∗ p i ∗ do ∗ wall_section_L ∗ (Tout_K(
Tout ) ^4 - Tamb_K^4) + h(Tout ) ∗ p i ∗ do ∗
wall_section_L ∗ delta_T (Tout ) ) /(2 ∗ p i ∗ ( k_ins ) ∗
wall_section_L ) - Tout ;
383
384 Tout_0 = Twall_in_C( i ) /4 ; % i n i t i a l p o i n t
385 opt ions = opt imset ( ' Display ' , ' i t e r ' ) ; % s h o w
i t e r a t i o n s
386 [ Tout f v a l e x i t f l a g output ] = f z e r o ( func , Tout_0 ,
opt ions )
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387
388 %
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
389 e l s e % a p e x ( i ==5) o r s h i e l d ( i ==6) - m o d e l a s
i n c l i n e d p l a t e
390 % G r a s h o f n um b e r
391 %%Gr = @ ( T o u t ) g ∗ b e t a ( T o u t ) ∗ ( T o u t - Tamb_C ) ∗ (
L _ p l a t e ( i - 4 ) ) ^ 3 / ( k i n _ v i s c ( T o u t ) ) ^ 2 ;
392 Gr = @(Tout ) g ∗ be t a (Tout ) ∗ ( delta_T (Tout ) ) ∗ (
L_plate ( i - 4 ) ) ^3/( k in_visc (Tout ) ) ^2;
393
394 % R a y l e i g h n um b e r m o d i f i e d f o r i n c l i n a t i o n
395 % C h e c k t h a t t h i s f i t s i n t h e r a n g e 1 0 e 5 <
G r e P r e c o s ( t h e t a ) < 1 0 e 1 1
396 Ray_cos = @(Tout ) Gr(Tout ) ∗Pr (Tout ) ∗ c o s (
a l t_rad ians ) ;
397
398 % N u s s e l t n um b e r f o r i n c l i n e d h e a t e d s u r f a c e
f r o m F u j i i & Imu r a , p 3 5 7 Ho lman .
399 % N o t e t h a t f o r t h e h e a t e d s u r f a c e f a c i n g UP , i f
t h e G r a s h o f n um b e r e x c e e d s t h e f o l l o w i n g
400 % c r i t i c a l G r a s h o f n u m b e r s - i . e . t u r b u l e n t f l o w
, an a d d i t i o n a l t e r m m u s t b e
401 % a d d e d t o t h e N u s s e l t n um b e r e q u a t i o n . H ow e v e r ,
t h e s e e x p e r i m e n t a l d a t a
402 % o n l y i n v o l v e l a m i n a r Gr ' s e x t e r n a l t o t h e
c a v i t y .
403 %
404 % t h e t a ( d e g ) G r c
405 % 15 5 e 9
406 % 30 2 e 9
407 % 60 1 e 8
408 % 75 1 e 6
409 %
410 % Nu = 0 . 1 4 ∗ ( ( G r e P r e ) ^ ( 1 / 3 ) - ( G r c P r e ) ^ ( 1 / 3 ) ) +
0 . 5 6 ∗ ( G r e P r e c o s ( t h e t a ) ) ^ ( 1 / 4 )
372
411
412 % N u s s e l t n um b e r f o r l a m i n a r f l o w
413 Nu = @(Tout ) 0 . 5 6 ∗ ( Ray_cos (Tout ) ) ^(1/4) ;
414
415 % h c o n v e c t i o n h e a t t r a n s f e r c o e f f i c i e n t f o r
o u t s i d e a p e x / s h i e l d t o a m b i e n t
416 h = @(Tout ) k_air (Tout ) /L_plate ( i - 4 ) ∗Nu(Tout ) ;
417
418 % i n i t i a l g u e s s f o r o u t e r t e m p e r a t u r e
419 % a p e x s h
420 Twall_out_C_0 = [ Twall_in_C( i ) /4 , Twall_in_C( i )
/2 ]
421 %Tw a l l _ o u t _K = Tw a l l _ o u t _ C + 2 7 3 . 1 5
422
423 %
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
424 % F u n c t i o n t o b e s o l v e d b y f z e r o
425 % f ( T o u t ) = T o u t ( n +1 ) - T o u t ( n ) - - - - - f ( T r c ) i s
z e r o w h e n f i n d c o r r e c t v a l u e o f T r c .
S u b s t i t u t i n g g i v e s :
426 % f ( T o u t ) = Tw a l l _ i n _C ( i ) - q _ c o n v e c t ∗ t _ a v ( i ) / (
A r e a ( i ) ∗ k _ i n s ) - T o u t
427 %% f u n c = @ ( T o u t ) T w a l l _ i n _C ( i ) - h ( T o u t ) ∗
A r e a _ p l a t e ( i - 4 ) ∗ ( Tou t - Tamb_C ) ∗ t _ a v ( i - 4 ) / (
A r e a _ p l a t e ( i - 4 ) ∗ k _ i n s ) - T o u t ;
428 % - - INCORRECT - d o e s n o t i n c l u d e r a d i a t i o n - -
f u n c = @ ( T o u t ) T w a l l _ i n _C ( i ) - h ( T o u t ) ∗
A r e a _ p l a t e ( i - 4 ) ∗ ( d e l t a _ T ( T o u t ) ) ∗ t _ a v ( i - 4 ) / (
A r e a _ p l a t e ( i - 4 ) ∗ k _ i n s ) - T o u t ;
429 % i f A i n = Aou t , t h e a r e a s i n n u m e r a t o r a n d
d e n o m i n a t o r c a n c e l .
430
431 % T h i s i s an e q u i v a l e n t f u n c t i o n o f T o u t ( b u t
much e a s i e r t o s o l v e ) w h i c h i s a l s o z e r o w h e n
y o u f i n d c o r r e c t v a l u e o f T o u t .
432 % f ( T o u t ) = Tw a l l _ i n _C ( n +1 ) - T w a l l _ i n _C ( n )
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- - - - - f ( T o u t ) i s z e r o w h e n f i n d c o r r e c t v a l u e
o f T o u t . S u b s t i t u t i n g g i v e s :
433 func = @(Tout ) Twall_in_C( i ) - ( sigma ∗ emiss ∗
Area_plate ( i - 4 ) ∗ (Tout_K(Tout ) ^4 - Tamb_K^4) +
h(Tout ) ∗Area_plate ( i - 4 ) ∗ delta_T (Tout ) ) ∗ t_av (
i - 4 ) /( Area_plate ( i - 4 ) ∗ k_ins ) - Tout ;
434
435 Tout_0 = Twall_out_C_0( i - 4 ) ; % i n i t i a l p o i n t
436 opt ions = opt imset ( ' Display ' , ' i t e r ' ) ; % s h o w
i t e r a t i o n s
437 [ Tout f v a l e x i t f l a g output ] = f z e r o ( func , Tout_0 ,
opt ions )
438
439 end
440
441 % Now we h a v e Tou t , e v a l u a t e a l l t h e f u n c t i o n s o f i t
:
442 %
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
443
444 Tout_K = Tout + 273 . 1 5 ;
445
446 % F i l m t e m p e r a t u r e u s e d f o r c y l i n d e r w a l l s
447 T_film_K = (Tout + Tamb_C) /2 + 273 . 1 5 ;
448
449 % R e f e r e n c e t e m p e r a t u r e f o r i n c l i n e d p l a t e , F u j i i &
Im u r a ( p 3 5 7 Ho lman )
450 Te_K = Tout_K - 0 . 2 5 ∗ (Tout_K - Tamb_K) ;
451
452 i f i <= 4 % c y l i n d e r w a l l s e c t i o n
453 di_x = di ( i )
454 be t a = 1/T_film_K ;
455 % T e m p e r a t u r e a t w h i c h t o e v a l u a t e p r o p e r t i e s i n
K :
456 Tprop_K = T_film_K ;
457 e l s e % i n c l i n e d p l a t e , F u j i i & Im u r a
374
458 %
∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
459 % P r o b a b l y n o - v e p r o b l e m s h e r e ( e v e n i f T ou t <
Tamb ) , a s i n K .
460 be t a = 1/(Tamb_K + 0 . 5 ∗ (Tout_K - Tamb_K) ) ;
461 % T e m p e r a t u r e a t w h i c h t o e v a l u a t e p r o p e r t i e s i n
K :
462 Tprop_K = Te_K;
463 end
464
465
466 % v ( k i n e m a t i c v i s c o s i t y , m2 / s )
467 kin_visc = 4.698E- 2 4 ∗ (Tprop_K)^6 - 3 .409E- 2 0 ∗ (
Tprop_K)^5 +9.952E- 1 7 ∗ (Tprop_K)^4
-0 .0000000000001532∗ (Tprop_K)^3
+0.0000000001942∗(Tprop_K)^2 +0.000000007827∗(
Tprop_K) -0 .0000006957 ;
468
469 % k - t h e r m a l c o n d u c t i v i t y o f a i r
470 k_air = 6.143E- 1 8 ∗ (Tprop_K)^5 -
0 .00000000000003657∗(Tprop_K)^4 +
0.00000000008926∗ (Tprop_K)^3 - 0 .0000001115 ∗ (
Tprop_K)^2 + 0.0001234 ∗ (Tprop_K) - 0 . 002552 ;
471
472 % P r a n d t l n um b e r
473 Pr = i n t e r p 1 (Matrix_T_Pr ( : , 1) , Matrix_T_Pr ( : , 2) ,
Tprop_K) ;
474
475 % T h i s i s a c h e c k t o ma k e s u r e y o u don ' t e n d u p w i t h
n e g a t i v e
476 % G r a s h o f n u m b e r s a n d i m a g i n a r y N u s s e l t n u m b e r s :
477 delta_T = Tout - Tamb_C;
478
479 i f ( delta_T )< 0
480 delta_T = 0
481 end
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482
483 i f i <= 4 % f r u s t u m w a l l s e g m e n t s - u s e h o r i z o n t a l
c y l i n d e r f o r c o n v e c t i o n o u t s i d e r e c e i v e r
484 % G r a s h o f n um b e r i n t e r m s o f d i a m e t e r
485 %%Gr_D = g ∗ b e t a ∗ ( T o u t - Tamb_C ) ∗ d o ^ 3 / ( k i n _ v i s c )
^ 2 ;
486 Gr_D = g ∗ be t a ∗ ( delta_T ) ∗do^3/( k in_visc ) ^2;
487
488 % i n t e r m s o f c y l i n d e r l e n g t h
489 %%Gr_L = g ∗ b e t a ∗ ( T o u t - Tamb_C ) ∗ L _ c y l ^ 3 / (
k i n _ v i s c ) ^ 2 ;
490 Gr_L = g ∗ be t a ∗ ( delta_T ) ∗L_cyl ^3/( k in_visc ) ^2;
491
492 % C r i t i c a l R a y l e i g h n um b e r b a s e d on l e n g t h
493 % B e l o w t h i s n umb e r , f l o w i s l a m i n a r
494 % A b o v e t h i s n umb e r , f l o w i s t u r b u l e n t
495 Ray_L_cr = 2 .6E9 + 1 .1E9∗ t an ( comp_alt_radians ) ;
496
497 % R a y l e i g h n um b e r i n t e r m s o f l e n g t h
498 Ray_L = Gr_L∗Pr ;
499
500 % N u s s e l t n um b e r
501 %
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
502 % I n c l i n e d c y l i n d e r N u s s e l t n umb e r , f r o m
503 % Al - A r a b i & Kham i s , " N a t u r a l C o n v e c t i o n H e a t
T r a n s f e r f r o m I n c l i n e d C y l i n d e r s , "
504 % I n t e r n a t i o n a l J o u r n a l o f H e a t a n d Ma s s
T r a n s f e r , v o l . 2 5 , No . 1 , p p 3 - 1 5 , 1 9 8 2 .
505
506 % f o r l a m i n a r Ray_L
507 % NB : i f Ray_L i s n o t l e s s t h a n Ray_L_c r i n a l l
c i r c u m s t a n c e s , w i l l h a v e t o a d d an
508 % o p t i o n f o r t h e t u r b u l e n t Nu_L f o r m u l a .
509 Nu = (2 . 9 - 2 . 3 2 ∗ ( c o s ( a l t_rad ians ) ) ^0 .8 ) ∗ (Gr_D
^( -1/12) ) ∗ (Ray_L) ^(1/4 + 1/12∗ ( c o s (
376
a l t_rad ians ) ) ^1 .2 ) ;
510
511 % h c o n v e c t i o n h e a t t r a n s f e r c o e f f i c i e n t f o r
o u t s i d e c a s i n g t o a m b i e n t
512 % b a s e d on c y l i n d e r l e n g t h
513 h = k_air /L_cyl ∗Nu;
514
515 % As s t a t e d a b o v e , h e a t l o s s b y c o n d u c t i o n i s
e q u a l t o t h a t c o n v e c t e d a w a y f r o m
516 % t h e o u t e r s u r f a c e .
517 %% q _ c o n v e c t = h ∗ p i ∗ d o ∗ w a l l _ s e c t i o n _ L ∗ ( T o u t -
Tamb_C ) ;
518 q_convect = h ∗ p i ∗ do ∗ wall_section_L ∗ ( delta_T ) ;
519 q_cond = 2∗ p i ∗ k_ins ∗ wall_section_L ∗ (
Twall_in_C( i ) - Tout ) / l o g ( do/di_x ) ;
520 q_rad = sigma ∗ emiss ∗ p i ∗ do ∗ wall_section_L ∗ (
Tout_K^4 - Tamb_K^4) ;
521
522
523 Gr_D_array = horzcat (Gr_D_array , Gr_D) ;
524 Gr_L_array = horzcat (Gr_L_array , Gr_L) ;
525 Ray_L_cr_array = horzcat (Ray_L_cr_array ,
Ray_L_cr) ;
526 Ray_L_array = horzcat (Ray_L_array , Ray_L) ;
527
528 e l s e % s h i e l d / a p e x i n c l i n e d p l a t e , F u j i i & Im u r a
529 % G r a s h o f n um b e r
530 %%Gr = g ∗ b e t a ∗ ( T o u t - Tamb_C ) ∗ ( L _ p l a t e ( i - 4 ) ) ^ 3 / (
k i n _ v i s c ) ^ 2 ;
531 Gr = g ∗ be t a ∗ ( delta_T ) ∗ ( L_plate ( i - 4 ) ) ^3/( k in_visc
) ^2;
532
533
534 % R a y l e i g h n um b e r m o d i f i e d f o r i n c l i n a t i o n
535 % C h e c k t h a t t h i s f i t s i n t h e r a n g e 1 0 e 5 <
G r e P r e c o s ( t h e t a ) < 1 0 e 1 1
536 Ray_cos = Gr∗Pr ∗ c o s ( a l t_rad ians ) ;
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537
538 % N u s s e l t n um b e r f o r i n c l i n e d h e a t e d s u r f a c e (
l a m i n a r f l o w ) f r o m F u j i i & Imu r a , p 3 5 7 Ho lman
.
539 Nu = 0 . 5 6 ∗ ( Ray_cos ) ^(1/4) ;
540
541 % h c o n v e c t i o n h e a t t r a n s f e r c o e f f i c i e n t f o r
o u t s i d e s h i e l d / a p e x t o a m b i e n t
542 h = k_air /L_plate ( i - 4 ) ∗Nu;
543
544
545 % c o n v e c t i o n h e a t t r a n s f e r f r o m o u t s i d e s h i e l d /
a p e x
546 % E q u a l t o c o n d u c t i o n l o s s b y c o n s e r v a t i o n o f
e n e r g y
547 %% q _ c o n v e c t = h ∗ A r e a _ p l a t e ( i - 4 ) ∗ ( T o u t - Tamb_C ) ;
548 q_convect = h ∗Area_plate ( i - 4 ) ∗ ( delta_T ) ;
549 q_cond = Area_plate ( i - 4 ) ∗ k_ins ∗ ( Twall_in_C( i ) -
Tout ) /t_av ( i - 4 ) ;
550 q_rad = sigma ∗ emiss ∗Area_plate ( i - 4 ) ∗ (Tout_K^4 -
Tamb_K^4) ;
551
552 Gr_array = horzcat (Gr_array , Gr) ;
553 Ray_cos_array = horzcat (Ray_cos_array , Ray_cos ) ;
554
555 end
556
557 Tout_K_array = horzcat (Tout_K_array , Tout_K) ;
558 Tout_C_array = horzcat (Tout_C_array , Tout ) ;
559 Tprop_K_array = horzcat (Tprop_K_array , Tprop_K) ;
560 beta_array = horzcat ( beta_array , be t a ) ;
561 kin_visc_array = horzcat ( kin_visc_array , k in_visc ) ;
562 k_air_array = horzcat ( k_air_array , k_air ) ;
563 Pr_array = horzcat ( Pr_array , Pr ) ;
564
565 Nu_array = horzcat (Nu_array , Nu) ;
566 h_array = horzcat ( h_array , h) ;
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567 k_ins_array = horzcat ( k_ins_array , k_ins ) ;
568 q_conv_array = horzcat ( q_conv_array , q_convect ) ;
569 q_cond_array = horzcat ( q_cond_array , q_cond ) ;
570 q_rad_array = horzcat ( q_rad_array , q_rad ) ;
571 end
572
573 %
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
574 % P r i n t r e s u l t s f o r t h i s a l t i t u d e t o o u t p u t f i l e
575
576 Same_solar_alt = [ Solar_alt , So lar_alt , So lar_alt ,
So lar_alt , So lar_alt , So la r_a l t ] ;
577 % Ne e d t o u s e { } n o t [ ] h e r e .
578 Sec t i on s = { ' frustum -1 ' , ' frustum -2 ' , ' frustum -3 ' , '
frustum -4 ' , ' apex -5 ' , ' sh i e l d -6 ' } ;
579
580 Gr_D_array = horzcat (Gr_D_array , 0 , 0) ;
581 Gr_L_array = horzcat (Gr_L_array , 0 , 0) ;
582 Ray_L_cr_array = horzcat (Ray_L_cr_array , 0 , 0) ;
583 Ray_L_array = horzcat (Ray_L_array , 0 , 0) ;
584
585 sum_q_cond = sum ( q_cond_array ) ;
586 alt_sum = [ Solar_alt , sum_q_cond ] ;
587 Alts_sum_qcond = ve r t ca t (Alts_sum_qcond , alt_sum ) ;
588
589 f o rma t shortE
590
591 % 21 c o l u m n s p l u s s o l a r a l t & s e c t i o n a t f r o n t = 2 3
592 Print_matrix = horzcat (Twall_in_K ' , Twall_in_C ' ,
Tout_K_array ' , Tout_C_array ' , Tprop_K_array ' , . . .
593 beta_array ' , kin_visc_array ' , k_air_array ' , Pr_array
' , Gr_D_array ' , Gr_L_array ' , . . .
594 Ray_L_cr_array ' , Ray_L_array ' , Gr_array ' ,
Ray_cos_array ' , Nu_array ' , h_array ' , . . .
595 k_ins_array ' , q_conv_array ' , q_rad_array ' ,
q_cond_array ' )
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596
597 format_str ing = '%.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g
\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t
%.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g
\n ' ;
598
599 % 23 e l e m e n t s - 2 2 z e r o s a n d s um_q_cond , s o s um_q_ c o n d
i s o f f s e t b y o n e c o l u m n f r o m q_ c o n d v a l u e s
600 sum_q_cond_array =
[0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0
sum_q_cond ] ;
601 format_string_sum = '%.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t
%.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g
\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t %.5g\ t
%.5g\ t %.5g\ t %.5g\n\n ' ;
602
603 % f o r s om e r e a s o n , e v e n t h o u g h M a t l a b o u t p u t s t h e
c o l u m n s c o r r e c t l y on t h e
604 % s c r e e n , y o u h a v e t o t r a n s p o s e i t ( M a t r i x ' ) o r p r i n t
r o w b y r ow t o s a v e r o w s a n d c o l s c o r r e c t l y i n t h e
605 % . t x t f i l e . . .
606 % f p r i n t f ( f i l e I D , f o r m a t _ s t r i n g , O u t p u t ' ) ;
607
608 %r o w s = s i z e ( S , d im )
609 Print_rows = s i z e ( Print_matrix , 1 ) ;
610
611 f o r j = 1 : Print_rows
612 f p r i n t f ( f i l e ID , '%.3 f \ t ' , Same_solar_alt ( j ) ) ;
613 f p r i n t f ( f i l e ID , '%s\ t ' , S e c t i on s { j }) ;
614 % P r i n t j t h r o w
615 f p r i n t f ( f i l e ID , format_str ing , Print_matrix ( j , : ) ) ;
616 end
617
618 f p r i n t f ( f i l e ID , '%s\ t ' , 'Sum (W) ' ) ;
619 f p r i n t f ( f i l e ID , format_string_sum , sum_q_cond_array ) ;
620
621 end
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622
623
624 % f o r m a t l o n g E
625
626 % P r i n t j u s t s o l a r a l t i t u d e s a n d c o n d u c t i o n sum f o r e a c h :
627 f p r i n t f ( f i l e ID , '%s\ t ' , ' So la r a l t ' ) ;
628 f p r i n t f ( f i l e ID , '%s\n ' , 'Cond sum (W) ' ) ;
629
630 f o r j = 1 : l e n g t h ( So l a r_a l t s )
631 f p r i n t f ( f i l e ID , '%.3 f \ t %.5g\n ' , Alts_sum_qcond ( j , : ) ) ;
632 end
633
634 f p r i n t f ( f i l e ID , '%s\n\ t ' , ' ' ) ;
635
636 % P r i n t d i m e n s i o n s u s e d t o o u t p u t f i l e
637 f o r i = 1 :4
638 s t r i n g = s t r c a t ( 'Wall_ ' , num2str ( i ) ) ;
639 f p r i n t f ( f i l e ID , '%s\ t ' , s t r i n g ) ;
640 end
641
642 f p r i n t f ( f i l e ID , ' \n%s\ t ' , ' di (m) ' ) ;
643 f p r i n t f ( f i l e ID , '%.5g\ t %.5g\ t %.5g\ t %.5g\n ' , d i ) ;
644
645 f p r i n t f ( f i l e ID , ' \n%s\ t ' , ' L_cyl (m) ' ) ;
646 f p r i n t f ( f i l e ID , '%.5g\n ' , L_cyl ) ;
647
648 f p r i n t f ( f i l e ID , '%s\ t ' , ' wall_section_L ' ) ;
649 f p r i n t f ( f i l e ID , '%.5g\n ' , wall_section_L ) ;
650
651 f p r i n t f ( f i l e ID , ' \ t%s\ t ' , ' apex ' ) ;
652 f p r i n t f ( f i l e ID , '%s\n ' , ' s h i e l d ' ) ;
653 f p r i n t f ( f i l e ID , '%s\ t ' , ' t_av (m) ' ) ;
654 f p r i n t f ( f i l e ID , '%.5g\ t %.5g\n ' , t_av ) ;
655
656 f p r i n t f ( f i l e ID , '%s\ t ' , ' L_plate (m) ' ) ;
657 f p r i n t f ( f i l e ID , '%.5g\ t %.5g\n ' , L_plate ) ;
658
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659 f p r i n t f ( f i l e ID , '%s\ t ' , 'Area_plate (m2) ' ) ;
660 f p r i n t f ( f i l e ID , '%.5g\ t %.5g\n\n ' , Area_plate ) ;
661
662
663 f c l o s e ( f i l e ID ) ;
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Appendix O.
Comparison of Thermal Resistance
for Conduction and Convection from
Exterior of Receiver
In Section 5.3 and Appendix M, conduction losses through the receiver insulation
are calculated by equating them to the losses experienced from the exterior surface
of the receiver – notably the natural convection loss. Due to the uncertainties asso-
ciated with using Nusselt number correlations, it is useful to compare the thermal
resistance due to the insulation and the thermal resistance due to convection from
the receiver exterior. If the thermal resistance due to the insulation dominates, then
the exact accuracy of the Nusselt number correlation is not so important. However,
if the thermal resistance due to convection from the receiver exterior dominates,
then any inaccuracy in the Nusselt number correlation will directly translate to
inaccuracy in the conduction loss calculated.
The thermal resistances due to conduction through the insulation are given by
Rcond annulus for the annular frustum wall sections, and Rcond apex and Rcond shield
for the apex and shield respectively (Holman, 2001). All are in ºC/W or K/W.
Rcond annulus =
ln
(
do
di
)
2pikins4L (O.1)
Rcond apex =
4xapex
kinsAapex
(O.2)
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Rcond shield =
4xshield
kinsAshield
(O.3)
Here:
do is the outer diameter of the cylindrical cavity receiver.
di is the inner diameter of the insulation, and varies depending on the section of
receiver wall in question, according to Table 5.6.
kins is the thermal conductivity for the wall insulation, as discussed in Section
5.3.1.4.
4L is the length of one of the four sections into which the frustum/cylinder walls
are divided.
4x is the thickness of insulation at the apex or shield.
Aapex, Ashield are the surface area of the apex or shield respectively.
As an example, thermal resistances were calculated for each receiver wall section
(four frustum sections, the receiver apex and receiver shield) for two operating points
during the experiment on 29th January 2010 – one at a solar altitude of 41.4 degrees,
and the other at a solar altitude of 71.8 degrees. The results are given in Tables
O.1 and O.2. For every wall section except the shield, the thermal resistance of the
insulation dominates over the thermal resistance of the convection from the outer
surface by a factor of between 1.8 and 5. However in the case of the shield, the
thermal resistance of the natural convection dominates over the thermal resistance
of the insulation by a factor of between 1.2 and 1.9, due to the very thin layer
of insulation on the shield – only 2 cm. Thus, as discussed in Section 5.6.3, any
inaccuracy in the Nusselt number correlation applied for the shield greatly impacts
the accuracy of the conduction losses for the shield. Meanwhile, the accuracy of the
Nusselt number correlations applied for the exteriors of the other wall sections are
not so critical.
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Thermal Resistance
(ºC/W) at solar
altitude 41.4 deg
Wall section Rcond Rconv ext
frustum-1 (closest to shield) 1.58 0.63
frustum-2 1.93 0.64
frustum-3 2.66 0.67
frustum-4 (closest to apex) 3.68 0.71
apex-5 7.89 2.59
shield-6 0.77 0.93
Table O.1: A comparison of thermal resistances for conduction through wall insulation
(Rcond), and natural convection from the exterior surface of the receiver (Rconv ext) for
the experiment on 29th January 2010, at a solar altitude of 41.4º, with corresponding
receiver temperatures.
Thermal Resistance
(ºC/W) at solar
altitude 71.8 deg
Wall section Rcond Rconv ext
frustum-1 (closest to shield) 1.29 0.71
frustum-2 1.66 0.72
frustum-3 2.28 0.75
frustum-4 (closest to apex) 3.10 0.79
apex-5 6.56 3.06
shield-6 0.60 1.12
Table O.2: A comparison of thermal resistances for conduction through wall insulation
(Rcond), and natural convection from the exterior surface of the receiver (Rconv ext) for
the experiment on 29th January 2010, at a solar altitude of 71.8º, with corresponding
receiver temperatures.
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Appendix P.
Paitoonsurikarn’s Correlation for
Natural Convection Losses from a
Cavity Receiver
As discussed in Section 5.4.2.1 on page 174, Paitoonsurikarn developed a corre-
lation for the Nusselt number for natural convection losses from cavity receivers
(Paitoonsurikarn et al., 2011, Paitoonsurikarn, 2006). However, Paitoonsurikarn’s
definition of a modified length scale led to a discontinuity in Nusselt numbers and
convection losses with respect to receiver inclination (in other words solar altitude).
This discontinuity was also observed by Hähnel (2011). The details are as follows.
Based on Equation 5.56 on page 174, Paitoonsurikarn’s correlation for the Nusselt
number for natural convection losses from cavity receivers was:
NuL =
hLs
k
= 0.0196Ra0.41L Pr0.13 (P.1)
This correlation proposes dimensionless constants c, n and m as per Equation 5.56,
but also uses a modified length scale, Ls, to calculate the Nusselt and Rayleigh
numbers. The purpose of the modified length scale was to make the Nusselt number
correlation applicable to various receiver geometries, as well as accounting for re-
ceiver inclination. This differed from correlations developed by previous authors on
natural convection losses from cavity receivers, as previous models were each derived
for a particular cavity geometry. Paitoonsurikarn based his correlation on compu-
tational fluid modeling results for three cavity receivers: the indoor model receiver
operated by Taumoefolau (Taumoefolau et al., 2004, Taumoefolau, 2004), and the
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Figure P.1: Determining the modified length scale Ls for use in Nusselt number calculation.
(From Paitoonsurikarn (2006)).
receivers operated with the 20m2 and 400m2 dish concentrators respectively at the
ANU1. A total of 210 numerical data points were fitted to the model and the relevant
coefficients and constants were determined by the simulated annealing optimization
method (Paitoonsurikarn et al., 2011).
The method for determining the modified length scale Ls is given in Equation P.2,
with lengths illustrated in Figure P.1 and constants given in Table P.1. This corre-
lation is supposed to be applicable for RaL 6 1.6×1010 and for receiver inclinations
between 0o(horizontal) and 90o(fully inverted receiver). However, the absolute value
sign in the definition of Paitoonsurikarn’s modified length scale leads to a discon-
tinuity in Nusselt numbers and hence convection losses with respect to receiver
inclination (or solar altitude), as illustrated in Figure P.2.
LS =
∣∣∣∣∣
3∑
i=1
ai cos (φ+ ψi)bi Li
∣∣∣∣∣ (P.2)
It should also be noted that it appears unlikely that there has simply been a typo-
graphical or nomenclature error in Equation P.2. For example, if Equation P.2 was
supposed to be a sum of absolute values, rather than an absolute value of sums, the
natual convection losses would exceed the total experimental losses in Figure P.2.
In a similar vein, if the whole of (cos (φ+ ψi)) is raised to the power bi instead or
just raising the argument to bi, then Ls approaches zero at receiver inclinations as
low as 55º.
1The 20m2 receiver is the same 15 kWsol receiver used in the experiments in this project (albeit
with the cone angle of the receiver tubes varied).
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ai bi yi (rad)
1 4.08 5.41 -0.11
2 -1.17 7.17 -0.30
3 0.07 1.99 -0.08
Table P.1: Constants used to determine the modified length scale for Paitoonsurikarn’s
free convection correlation described in Equation P.2 and Equation P.1.
Figure P.2: Natural convection losses (hollow triangles) determined using Paitoon-
surikarn’s Nusselt number correlation and modified length scale from Equation P.1
and Equation P.2. These were determined using experimental temperatures from 10th
February 2010. They are compared to the total receiver losses (diamonds) determined
experimentally for the same run.
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Appendix Q.
Calculated Receiver Losses with
respect to Temperature
The following graphs are provided for comparison with their counterparts in Section
5.5 on page 183, which were plotted with respect to solar altitude.
Figure Q.1: Receiver losses for the 17.5º half cone geometry on 29th January with respect
to peak receiver temperature. A comparison of calculated radiation, conduction and
convection losses and their sum compared to the total receiver losses measured, with a
flow rate of 1.0 g/s.
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Figure Q.2: Receiver losses for the 17.5º half cone geometry on 10th February with respect
to peak receiver temperature. A comparison of calculated radiation, conduction and
convection losses and their sum compared to the total receiver losses measured, with a
flow rate of 1.25 g/s.
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Appendix R.
Conduction losses with increased
insulation for front shield
In Section 5.5 the potential of decreasing conduction losses by increasing the insu-
lation thickness was discussed, with particular emphasis on the insulation for the
front shield of the receiver. New conduction losses involving a substantial increase
in insulation thickness for the frustum wall sections could not be calculated reliably
without also revisiting the models for radiation and natural convection losses from
inside the cavity (as detailed in Sections 5.2 and 5.4). However, new conduction
losses involving a modest increase in the insulation thickness for the front shield can
be calculated while maintaining the models for radiation and natural convection
losses from inside the cavity.
For the receiver used in these experiments, the insulation thickness for the front
shield was only 2 cm. For this comparison a new thickness of 5 cm was chosen. A
larger thickness would have required changing the conduction loss calculations for
the frustum wall sections, which is outside the scope of this project. This modest
increase in insulation thickness for the front shield reduced total conduction losses by
approximately 15%, as shown by the results in Table R.1. The receiver configuration
chosen for this comparison was the 3.7º half cone receiver, which had the lowest
overall receiver losses out of the three receiver geometries. Experimental data from
30th April 2010 was used. The method used to calculate the conduction losses
included radiation from the exterior of the receiver, as described in Appendix M.
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Receiver Conduction Losses (W)
Solar alt (º) 5 cm insulation 2 cm insulation Difference
39.0 732.6 859.1 14.7%
38.6 721.8 846.7 14.7%
37.9 718.0 842.7 14.8%
37.1 709.8 833.1 14.8%
36.2 703.6 826.0 14.8%
31.3 650.6 766.8 15.2%
29.6 650.3 766.7 15.2%
27.9 640.1 755.1 15.2%
26.3 628.7 742.4 15.3%
Table R.1: A comparison of total conduction losses for the receiver with insulation thick-
nesses of 2 cm and 5 cm for the front shield. The 3.7º half cone receiver geometry was
used for this example, with experimental data from 30th April 2010.
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Appendix S.
Natural convection results from
Paitoonsurikarn
These results from Paitoonsurikarn were published as Figure 5.80 in his doctoral
thesis (Paitoonsurikarn, 2006), and have been re-plotted here by solar altitude for
comparison to the figures in Section 5.6.4 on page 200.
Figure S.1: Natural convection loss data obtained by Paitoonsurikarn (2006) using com-
putational fluid dynamics modelling.
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Appendix T.
Annual Receiver Loss Data
Summary data is given on the accompanying USB for receiver losses calculated over
the course of a year for each of the three receiver geometries with a location of
Broken Hill, Australia.
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